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Abstract
Abstract
In order to develop a new class of macro cyclic receptors with a unique shape and set of
functional groups the synthesis of novel aromatic dialdehydes I and II using mild conditions
oxidation (Mn02) and dibromination-dilithiation methodology has been carried out.
Conditions of the oxidation step have been optimised. The study of the reactivity of the
dicarboxyaldehydes I and II, in the [3+3] cylocondensation reaction, with (JR, 2R)-
cyclohexane-l,2-diamine to give Novel Trianglimine Macrocycles III and IV has been
accomp lished.
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All the macrocycles synthesised are enantiomerically pure. The spectroscopic behaviour of
the macrocycles has been investigated in detail. Macrocycles derived from C2v-symmetry
dialdehydes proved to be present as mixture ofrotamers s-trans and s-cis, which interchanged
slowly on the IH-NMR time scale.
The binding of the herbicide (2,4-dichlorophenoxy)acetic acid and the (3-
chlorophenoxy)acetic acid by two trianglimines is reported and corroborated by IH-NMR
titrations. The encapsulation of cations in the cavity of a few trianglimines has been tested by
ESI-MS.
Per aspera ad astra
(Through rough ways to the stars)
Latin saying
ii
Acknowledgements
Acknowledgements
I would like to thank my supervisor, Dr. Nikolai Kuhnert for giving me the opportunity to
work on this project and for his continual support and guidance. I would also give my thanks
to Prof. Angela F. Danil de Namor and to Prof. Peter G. Sammes for their advice and
suggestions, above all during my transfer viva.
All the staff in the Department of Chemistry is gratefully acknowledged, in particular Mr.
Richard Chaundy for mass spectral determinations, Ms. Nicola Walker and Ms. Judith Peters
for microanalytical determinations, Mr. Jim Bloxsidge for excellent NMR technical support
and Ms. Maria Chapman for helping me around the lab.
To come here was not an easy decision to make. I was very lucky because I met such nice
guys in the JK lab. They helped me throughout the highs and lows of my PhD, keeping the
atmosphere enjoyable. Worthy of mention are all members of the Kuhnert research group:
Adam ("Dr. Le Gresley"), Rob ("Dr. Lucas"), Ana and Hoshiar, for giving me their
friendship and a little touch of "Eng1ish-Spanish-Arab" culture; Rob ("Bernie") Smith for
being so helpful in reading my thesis and giving me lots of feedback and suggestions about
the English style.
I also would like to thank Dr. Giorgio Mo1teni, who taught me what Chemistry is about and
for his excellent advice and suggestions.
A huge "thank you" goes to my parents, who always helped and supported me. They gave
me the confidence to achieve my goals. I will never forget how many times they said: "Non
importa, vai avanti!" ("It doesn't matter, go on!").
A special mentions to my grandma, who believed in me even when I did not.
iii
Abbreviations
Abbreviations
Ac
ADP
AMP
ATP
Ar
Bn
Bu
i-Bu
n-BuLi
t-BuLi
Cl-MS
COSY
DCM
DMAP
DMF
DMSO
FAB-MS
El-MS
Et
EXSY
IR
h
HMQC
HMTA
Me
min.
MS
NaBH4
NADP
NADPH
NBS
NMR
Acetyl
Adenosine - diphosphate
Adenosine - monophosphate
Adenosine - triphosphate
Aryl
Benzyl
Butyl
Isobutyl
normal- Butyllithium
tert-Butyllithium
Chemical Ionisation Mass Spectrometry
Correlated SpectroscopY
Dichloromethane
4-Dimethylaminopyridine
N, N-Dimethylformamide
Dimethylsulphoxide
Fast Atom Bombardment Mass Spectrometry
Electron Impact Mass Spectrometry
Ethyl
EXchange SpectroscopY
InfraRed spectroscopy
Hour
Heteronuclear Multiple Quantum Coherence spectroscopy
Hexamethylenetetramine
Methyl
Minutes
Mass Spectrometry
Sodium Borohydride
Nicotine Amide Dinucleotide Phosphate
Reduced form of Nicotine Amide Dinucleotide Phosphate
N-bromosuccinimide
Nuclear Magnetic Resonance
IV
Abbreviations
NOESY
ppm
PBC
Ph
Pr
i-Pr
Py
Salen
Saloph
TFA
THF
TMEDA
TMS
Ts
DV-Vis.
Nuclear Overhauser Enhancement SpectroscopY
Parts Per Million
Pyridinium Bromochromate
Phenyl
Propyl
iso-Propyl
Pyridine
N, N' -Disalicylene-ethylendiamine
N, N'- Disalicylene-o-phenylenediamine
Trifluoroacetic acid
Tetrahydrofuran
N, N, N', N'-Tetramethylethylenediamine
Tetramethylsilane
p- Toluenesulphonyl
Utraviolet and Visible Spectroscopy
v
Contents
Contents
Abstract i
L· . ..attn saYIng 11
Acknowledgements iii
Abbreviations iv
Contents vi
Chapter 1 Supramolecular Chemistry 1
1. Aim 1
1.1 From Molecular to Supramolecular Chemistry 1
1.2 Host-Guest Chemistry 3
1.3 Classification of Supramolecular Host-Guest Compounds 3
1.4 Factors for strong binding: molecular organisation 4
1.4.1 The chelate and macrocyclic effects 4
1.4.2 The cryptate effect 6
1.5 Nature of Supramolecular interactions 8
1.5.1 Ionpairs 8
1.5.2 Ion-dipole interactions 9
1.5.3 Dipole-dipole interactions 10
1.5.4 Hydrogen bonding 10
1.5.5 Cation-si Interactions 12
1.5.6 m-n Stacking 12
1.5.7 Vander Waalsforces 13
1.5.8 Hydrophobic interactions 13
1.6 Molecular Receptors 14
1.6.1 Spherical Recognition 14
1.6.1.1 Crown ethers and aza-crown 15
1.6.1.1.1 Synthesis 15
1.6.1.2 Spherands 19
1.6.1.3 Cryptates 22
1.6.2 Tetrahedral Recognition 25
1.6.3 Recognition of Neutral Molecules 26
1.6.3.1 Calix[4Jarenes and resorcarenes 27
1.6.3.2 Cyclophanes 32
1.7 Anion Recognition Chemistry 38
Chapter 2 Schiff Base Macrocycles: a Review ' 40
2. A review about Schiff Base Macrocycles: aims and perspectives 40
2.1 Introduction 41
2.2 Schiff base Macrocycles: Pyridine framework 43
2.2.1 [1 + 1J Template Condensation 43
2.2.2 [2+2J Template Condensation 46
2.3 Schiff base Macrocycles: Phenolic framework 50
2.3.1 [1+IJ Template condensation 50
. 2.3.2 [2+ 2J Condensation 52
2.3.2.1 Template synthesis 52
2.3.2.2 Non-template synthesis 54
2.4 Thiophene-containing Schiff base Macrocycles 55
VI
Contents
2.4.1 [1+1} Non-template condensation 55
2.4.2 [2+ 2} Template condensation 56
2.5 Furan-containing Schiff base MacrocycJes 57
2.5.1 [1+ I} Template condensation 57
2.6 Schiff base Macrocycles with ortho- and meta-xylyl bridge units 58
2.6.1 [2+2} Non-template condensation 58
2.7 Schiff base Macrocycles with different building blocks 59
2.7.1 [1+I} Non-template condensation 59
2.7.2 [2+ 2} Template condensation 59
2.7.3 [2+ 2}Non-template condensation 62
2.7.4 [3+ 3} Template condensation 65
2.7.5 [3+ 3}Non-template condensation 66
2.7.5.1 Trls'[Hssalophlmacrocycle 66
2.7.5.2 Efficient [3 +3} condensation of (1R, 2R) or (1S, 2S)-cyclohexane-
1,2-diamine with dialdehydes 67
Chapter 3 Spectroscopic Methods in the Determination of H-G Interactions ........ 78
3. Molecular Recognition 78
3.1 IH-NMR shift titrations 79
3.1.1 General and practical considerations with 1,'1 equilibria 79
3.1.2 Complexes with stoichiometries other than 1,' 1 80
3.1.3 Significant examples 81
3.2 Electrospray Ionisation Mass Spectroscopy 98
3.2.1 Complexes with ions 99
Chapter 4 Results and Discussion 107
4. Aims and Objectives 107
4.1 Synthesis 108
4.1.1 First synthetic strategy 108
4.1.1.1 Synthesis of the dialdehydes 109
4.1.1.2 Functionalisation of the dialdehydes 113
4.1.1.3 Synthesis of trianglimines 116
4.1.2 Second synthetic strategy 120
4.1.2.1 Functionalisation 121
4.1.2.2 Dibromination 124
4.1.2.3 Dilithiation by double-bromine exchange 128
4.1.2.4 Synthesis of the Triangular Macrocycles 303-312 134
4.1.2.5 Spectroscopic analysis of the Macrocycles 303-312 136
4.2 IH-NMR Titrations 155
4.3 Electrospray Ionisation Mass Spectrometry 162
4.4 Conclusions 166
Chapter 5 Experimental Section 168
5.1 General Experimental 168
Chapter 6 References 222
6. References 222
vii
Chapter 1
Supramolecular Chemistry
Chapter 1 1.Supramolecular Chemistry
I. Aim
The present chapter is intended to describe the basic features and the focal points about
Supramolecular Chemistry, such as the Host-Guest Chemistry, the Molecular Recognition
and the Nature of the Supramolecular Interactions. My main concern was to be able to
give a brief overview of the areas within Supramolecular Chemistry, which are relevant to my
project.
It presents a synthetic view, showing a broad selection of receptors. An attempt has been
made to provide a very general analysis of the receptors, starting from their origin and
covering the development of the Supramolecular Chemistry, until the most recently developed
topics in this field. A fairly large extension has been given to the description on a few
Receptors, which demonstrated to be related to the Receptors I have synthesised. In choosing
these examples, the characteristics I have kept in mind have been:
• the presence of nitrogen and substituents similar to those in my Receptors, in the
structure of the host;
• the capacity to bind to metal ions or neutral molecules comparable to those I have
worked with;
• the possibility to have a hydrogen bonding motif between the host and the guest.
The Receptors have been classified to show which Guests they encapsulate (metal cations,
neutral molecules or anions). A further sub-classification for the cationic guests considered
the Geometry of their recognition (Spherical or Tetrahedral).
1.1 From Molecular to Supramolecular Chemistry'
Chemistry is the science of matter and of its transformations, and life is its highest expression.
The former provides structures endowed with properties and develops processes for the
synthesis of structures. It plays a key role in our understanding of material phenomena, in our
capability to act upon them, to modify them, to control them and to invent new expression of
them. In its method chemistry is a science of interactions, of transformations and of models.
In its objects, the molecule and the material, chemistry expresses its creativity. Chemical
synthesis has the power to produce new molecules and new materials with new properties
(Figure 1).2.3
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Figure 1 Comparison between the scope of molecular and supramolecular chemistry
For more than 150 years molecular chemistry has developed a vast array of highly
sophisticated and powerful methods for the construction of ever more complex molecular
structures by the making and breaking of covalent bonds between atoms in a controlled and
precise fashion. Molecular chemistry, thus, has established its power over the covalent bond.
Beyond Molecular Chemistry, which is based on the covalent bond there lies the field of
Supramolecular 'Chemistry, whose goal is to gain control over the intermolecular bond.
It is concerned with the next step in increasing complexity beyond the molecule toward the
Supramolecule and organised polymolecular systems, held together by non-covalent
interactions.
Supramolecular chemistry is a highly interdisciplinary field of science covering the chemical,
physical and biological features of chemical species of greater complexity than molecules
themselves, that are held together and organised by means of intermolecular (non-covalent)
binding interactions. Its roots extend into organic chemistry and the synthetic procedures for
molecular construction, into coordination chemistry and metal ion-ligand complexes, into
physical chemistry and the experimental and theoretical studies of interactions, into
biochemistry and the biological processes that all start with substrate binding and recognition,
into materials science and the mechanical properties of solids. A major feature is the range of
perspectives offered by the cross fertilisation of supramolecular chemical research due to its
2
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location at the intersection of chemistry, biology, and physics. Drawing on the physics of
organised condensed matter and expanding over the biology of the large molecular assemblies,
supramolecular chemistry expands into a supramolecular science.
1.2 Host-Guest Chemistry
Having defined supramolecular chemistry in its simplest sense as a field involving some kind
of non-covalent binding or complexation event, we must immediately define what is
responsible for the binding. It is generally stated that a molecule (a "host", "receptor" or
"ligand") binding another molecule (a "guest" or "substrate") produces a "host-guest"
complex or supramolecule. Commonly the host is a large molecule or aggregate such as a
protein or a synthetic receptor possessing a sizeable, central hole or cavity. The guest may be
a monatomic cation, a simple inorganic anion, a neutral organic molecule or a more
sophisticated molecule such as a hormone, pheromone or neurotransmitter. The relationship
with the resulting host-guest complex has been defined by Donald Cram (1986) as follows: 4
"Olmplexes are composed of two or more molecules or ions held together in unique structural relationships by
electrostatic forces other than those of full covalent bonds ... molecular complexes are usually held together by
hydrogen bonding, by ion pairing, by 1t-acid to 1t-base interactions, by metal-to-ligand binding, by the van der Waals
attractive forces, by solvent reorganising, and by partially made and broken covalent bonds (transition states) ... High
structural organisation is usually produced only through multiple binding sites... A highly structured molecular
complex is composed of at least one host and one guest component ... A host-guest relationship involves a
complementary stereoelectronic arrangement of binding sites in host and guest... The host component is defined as
a molecule or ion whose binding sites converge in the complex... The guest component as any molecule or ion
whose binding sites diverge in the complex ... ".
1.3 Classification of Supramolecular Host-Guest Compounds
One of the first formal definitions of a supramolecular cage-like host-guest structure was
proposed by H. M. Powell at the Oxford University in 1948. He coined the term "clathrate",
which he defined as a kind of inclusion compound "in which two or more components are
associated without ordinary chemical union, but through complete enclosure of one set of
molecules in a suitable structure, formed by another". Inbeginning to describe host-guest
chemistry it is useful to divide host compounds into two major classes according to the
relative topological relationship between guest and host. Cavitands may be described as hosts
possessing intramolecular cavities. This means that the cavity available for guest binding is
3
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an intrinsic molecular property of the host and exists both in solution and in the solid state.
Conversely, clathrands are hosts with extramolecular cavities (the cavity essentially
represents a gap between two or more host molecules) and is of relevance only in the
crystalline or solid state. The host-guest aggregate formed by the cavitand is termed cavitate,
while clathrands form clathrates.
A further fundamental subdivision may be made on the basis of the forces between host and
guest. If the host-guest aggregate is welded by primarily electrostatic forces (including ion-
dipole, dipole-dipole, hydrogen bonding etc.) the term "complex" is used. On the other hand,
species held together by less specific (often weaker), nondirectional interactions, such as
hydrophobic, van der Waals or crystal close-packing effects, then the terms "cavitate" and
"clathrate" are more appropriate.'
1.4 Factors for strong binding: molecular organisation
1.4.1 The chelate and macrocyclic effects
The characteristics present in receptors leading to their uncommonly stable complexes with
substrates can be grouped together under the term "molecular organisation'V
The two major areas of molecular organisation, as related to supramolecular chemistry, are
complementarity and constraint factors. Complementarity is the sum of size, geometry, and
electronic matching between the receptor and the substrate. It is a requirement of stable
complexes, but can only be improved to a finite level. Constraint is concerned with host
rigidity and complexity, factors of seemingly infinite variability."
The components of constraint are topology, here meaning the interconnectedness of host donor
atoms, and rigidity, how fixed in space those donor atoms are with respect to each other.
Among the two, topology is the most well studied, variously described in the chelate,
macrocycle and cryptate effects. Rigidity, although intimately involved in the three effects
just mentioned, has been less well treated both theoretically and experimentally.
Donor-acceptor interaction between host and guest results in formation of a complex. Such an
interaction produces a large increase in the binding constants with guests as compared with the
separate, unconnected donor groups. The common thermodynamic rationalisation for the
chelate effect points out the increase in entropy associated with the chelate binding as
compared with the binding of separate monodentate donors. This arises because there is an
increase in the total number of particles in the chelate binding (Figure 2).
4
Chapter 1 1. Supramolecular Chemistry
2 particles 3 particles
Figure 2 Entropy in the chelate effect
A second explanation of the chelate effect involves kinetic effects. These have been attributed
to the increased effective concentration of the second donor, because its distance from the
metal ion is fixed by the link to the bound first donor. This distance is short compared with an
unlinked second donor, whose average distance from the guest will depend primarily on its
concentration (Figure 3).7
""
"
chelate monodentate
Figure 3 Effective concentration in the chelate effect
As might be expected, tying successive donor atoms together to produce tri- or tetradentate
chelates can increase the complex stability further. The stabilisation offered by the chelate
effect is highly dependent on the size of the chelate ring. Five membered rings, as in metal
complexes of 1,2-diaminoethane, are often by far the most stable because they contain the
least amount of ring strain. Four-membered rings are highly strained, while as the chelate
rings size increases the statistical likelihood of two donor atoms pointing directly at the metal
becomes increasingly less probable. The strain energy in the chelate ring is dependent on the
size of the metal cation, as well. For very small cations such as B3+ and Be2+, six-membered
chelate rings are common because the small cation results in cation-donor bond lengths
similar to those found in unstrained six -membered ring molecules such as cyclohexane.
An impressively large additional stabilisation occurs from linking the terminal donor atoms
into a ring; this phenomenon was termed macrocyclic effect. 8 The stabilisation is much larger
than can be explained by the simple addition of one more chelate ring. An accepted
explanation for the macrocycle effect is the difficulty in dissociation of the first donor atom
from the guest in what is expected to be a stepwise dissociation of the polydentate host. A
polydentate chelate can dissociate from a guest through successive SN1 type replacements
5
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steps, beginning with a terminal donor. The macrocyclic receptor can not dissociate through a
similarly simple mechanism because there is no end group. Some type of receptor
rearrangement must occur to weaken one host-guest interaction prior to its dissociation. Only
then, can the rest of the receptor dissociate (Figure 4).
N
rI N,NH rI ~~: ~:::::'"CN"M"NH -- CN\{/ CN>::N) --, , N.io(": N-C:N' 'NH N' NH N NU U U \_:l GN
chelate macrocycle
Figure 4 First donor dissociation in chelate vs. macro cycle
This rearrangement demands a cost in energy making the dissociation slow. Although similar
problems might be expected to slow the formation reaction as well, experiments have shown
that the macrocycle effect arises primarily from the dissociation step, indicating that
dissociation is more hindered than is binding.' This primarily dissociative effect is in addition
to the highly associative chelate effect, which is still in effect for macrocycles. Combining
these effects results in the large increase in stabilisation for macrocyclic complexes.
1.4.2 The cryptate effect
A further extension of topological constraint is the cryptate effect, in which the addition of the
second ring to a macrocycle (resulting in a macrobicyclic receptor), further enhances the
stability of its complexes." As for the change observed in transition from chelate to
macrocyclic effects, the cryptate effect is often even higher than would be expected for simple
addition of a second fused macrocycle. This phenomenon has been both attributed to entropic
and enthalpic causes, but its exact origin is under discussion. However, the trend is clear:
increased topological constraint increases binding affinity with the caveat that high
complementary must be maintained.
Busch'" II has attributed this enhanced stability to mUltiple juxtapositional fixedness (MJF),
the fact that stepwise donor atom dissociations from the guest are much slower due to the
above mentioned lack of end groups in topologically complex receptors. But MJF also
addressed, for the first time, the rigidity of the overall host structure, i.e. donor fixedness as an
important parameter. A similar concept called preorganisation'f was developed to describe
6
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the observation that receptors preformed in size and geometry complementary to the targeted
guest, had higher stabilities with those ions than other receptors. It was proposed that entropic
costs associated with complexation are prepaid, because the preorganised receptor does not
have to reorganise itself around the guest during complexation. This cost is already paid in the
receptor synthesis. This payment of the entropic costs of complexation would explain why
topologically more complex receptors form more stable complexes, if complementarity was
maintained. Enthalpic costs are already paid as well. In effect a preorganised receptor prefers
the less strained conformation it can assume. A typical example of enthalpic cost is that
involved in the gauche interactions. A gauche interaction is a steric strain (extra energy) put
on the molecule when atoms or groups are too close to one another, which results in repulsion
between the electrons clouds of these atoms or groups. The conformations of the butane (syn-
periplanar, gauche, antic/inal and antiperiplanar) and the stereo isomers of the methyl-
cyclohexane (axial and equatorial) are excellent example of the gauche interaction. The
gauche interactions can be recognised to play an important role in many receptors, for
example in crown ethers (Figure 5).
Figure 5 Gauche interactions in the crown ethers
Receptor rigidity is both part and parcel ofMJF and preorganisation. Both invoke rigidity as a
parameter to be increased for the formation of more stable complexes, and a simple
experiments can further illustrate this idea." The rigid bidentate chelate sparteine forms
remarkably inert complexes with labile Cu2+ (Figure 6).
SPllrtelne
Figure 6 Rigid non-macrocycle receptor
Although more intricate than the usual bidentate chelate, topologically the receptor is not a
macrocycle. Yet, it is much more rigid than the simple chelate ethylendiamine because of the
7
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receptor superstructure. Stepwise donor dissociation is much more difficult for sparteine than
for more flexible receptors, since the deformations needed to remove the first nitrogen donor
from a guest are inhibited by the rigid backbone. Even though not a macro cycle, sparteine's
rigidity influences the donor dissociation rate, the hallmark of the macrocyclic and cryptate
effects.
1.5 Nature of Supramolecular interactions
In general, supramolecular chemistry concerns non-covalent bonding interactions. The
definition of non-covalent forces is of paramount importance for the design of synthetic host-
guest complexes. A selection of the most important non-covalent interactions is briefly
summarised in the following section. Synthetic host-guest complexes also offer a unique
opportunity to elucidate the energies and the geometric requirements involved in formation of
natural and artificial supramolecular systems.
1.5.1 Ion pairs (-100-350 kJlmol)
In organic ions the charge is heavily delocalised, which is one of the obstacles to a rigorous
theoretical treatment. Thus, the positive charge in alkylammonium ions resides mainly on the
carbon, and on the hydrogen atoms of alkyl groups surrounding the nitrogen atom, which
bears no charge at all. Fortunately, it is possible to describe interactions approximately by
referring to a point charge of the whole group in these cases (i.e. centred on nitrogen).
The problems with a rigorous description of ion pairs are, inter alia, specific interactions
between ions and between ions and solvent molecules, which involve polarisations
particularly of oxygen lone pairs. Furthermore, the thermodynamics of ion pairing is
characterised by large and variable positive entropy contributions in particular due to
liberation of tightly bound water molecules upon complex formation.
Inpractice it is not always easy to estimate the number of single interactions in multiply
bound host-guest complexes, which can adopt numerous low energy conformation in solution.
Moreover, in connection with the recognition problem, the important aspect is possible shape
selectivity of interaction due to complementarity of charges. Certain selectivity of this type
was reported for binding of anions of dicarboxylic acids possessing different distances
between their carboxyl groups to cationic protonated azamacrocycles. Shape selectivity in
8
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complexation of isomeric anions of tricarboxylic acids by a tetracationic host 1 and protonated
forms of azamacrocyc1e [21]aneN7 2 is illustrated in Table 1.14
Host 1 shows a pronounced specificity to trans-aconitic acid; higher protonated forms of
[21]aneN7 2 discriminate isomers of 1,3,5-trimethyl-1,3,5-cyc1ohexanetricarboxilic and
benzenetricarboxylic acids (Figure 7) with factor of 100 and bind rigid trianions up to 104
times better than flexible citrate. As expected, both complexation strength and selectivity
increase on going to more highly charged host cations.
~N~
I H HN\
(
NH )
HN
NH _)
( H HN~N0
2
T.A.l T.A.2 T.A.3 T.A.4 T.A.S T.A.6 T.A.7
1 4.4 4.3 5.1 4.1
H3[21]aneN,H 3.4 2.5 3.2 3.1
H4[21]aneN74+ 5.2 4.0 5.2 4.6
Hs[21]aneNr 8.6 6.6 8.2 6.2
Table 1 Shape selectivity in recognition oftricaboxylates by tetracationic host 1 and different protonated forms of
[21[aneN, 2 in water (Log K)
-aOCL..- coo_coo-
TA1 T.A.2 T.A.3
coo- .coo: JpL00--+?~ cooLj-l ~ coo
TA4 T.A.5 T.AS TA7
Figure 7 Tricarboxylic acids
1.5.2 Ion-dipole interactions (50-200 kJ/ mol)
The bonding of an ion, such as Na+, with a polar molecule, such as water, is an example of an
ion-dipole interaction. A supramolecular analogue is readily apparent in the complexes of
9
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alkali metal cations with macrocyc1ic ethers termed crown ethers in which the ether oxygen
atoms play the same role as the polar water molecules. The oxygen lone pairs are attracted to
the cation positive charge (Figure 8).
Figure 8 Ion-dipole interactions
1.5.3 Dipole-dipole interactions (5-50 kJ/ moll
Alignment of one dipole with another can result in significant attractive interactions from
matching of either a single pair of poles on adjacent molecules (type I) (Figure 9) or opposing
alignment of one dipole with the other (type II). Organic carbonyl compounds show this
behaviour well in the solid state and calculations have suggested that interactions like those
drawn in type II have an energy of about 20 kJ/ mol, which is comparable to a moderately
strong hydrogen bond. The boiling point of ketones such as propanone (b.p. = 56 QC),
however, demonstrates that dipole-dipole interactions of this type are relatively weak in
solution.
R'II o· ~-
R~y=9, ,
O=C,,'R
6- 5~R'
II
Figure 9 Dipole-dipole interactions in carbonyls
1.5.4 Hydrogen bonding (4-120 kJ/ mol)J5
Probably the most important non-covalent interaction between a proton, and corresponding
donor D and acceptor A atoms can vary between few and hundreds ofkJ/ mol. Noticeable
reductions of the distance between A and D in comparison to the sum of the van der Waals
radii are often taken as evidence for the presence of a hydrogen bond. However, this criterion
alone is doubtful in view of the A ... D distance being also a function of the A-H-D angle and
often ill-defined van der Waals radii. Stronger bonds are expected to be shorter, but there is
only approximate (a sigmoidal) correlation between distance and energy.
10
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Of special interest is the use of hydrogen bonding between polar sites for substrate binding."
Thus, substrate recognition results from the formation of specific hydrogen bonding patterns
between complementary subunits. Such groups have been positioned in acylic or macrocyclic
receptors, defining respectively clefts or cavities, into which binding of substrate(s) of
complementary structure has been shown to take place. Structure 3, 4 illustrate respectively
the complexation using hydrogen bonding of adenine in a cleft, and of barbituric acid in a
macrocycle receptor.!"
3
4
Also macrocycle 518 exhibits significant chiral recognition towards amino acids through
hydrogen bonding motif.
11
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1.5.5 Cation-si Interactions (5-80 kJ/ mol/9
Transition metal cations such as Fe2+, Pt etc. are well known to form complexes with olefinic
and aromatic hydrocarbons such as in ferrocene [Fe(C5H5)Z1. The bonding in such complexes
is strong and could by no means be considered non-covalent, since it is intimately linked with
the partially occupied d-orbitals of the metal. The interaction of alkaline earth metal cations
with C=C double bonds is, however, a much more non-covalent "weak" interaction, and plays
a very important role in biological systems. For example the interaction energy ofK+ and
benzene in the gas phase is about 80 kJ/ mol. By comparison, the association ofK+ with a
single water molecule is only 75 kJ/ mol. The reason K+ is more soluble in water than in
benzene is related to the fact many water molecules can interact with potassium ion, whereas
only a few bulkier benzene molecules can fit around it.
1.5.6 m-mStacking (0-50 kJ/ mol)
This weak electrostatic interaction occurs between aromatic rings, often in situations where
one is relatively electron rich and one is electron poor. There are two general type of rt-
stacking: face-to-face A and edge-to-face B, although a wide variety of intermediate
geometries are known (Figure 10).
A
Q
Ho
B
o. .o
Figure 10 Limitingtypes oh-re stacking
J. K.M. Sanders and C. Hunter20 have proposed a simple model based on competing
electrostatic and van der Waals influences, in order to explain the variety of geometries
observed for 1t-1t stacking interactions and predict quantitatively the interactions energies.
Their model is based on an overall attractive van der Waals interaction, which is proportional
to the contact surface area of the two 1t-systems. This attractive interaction dominates the
overall energy of the 1t-1t interaction and may be regarded as an attraction between the
12
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negatively charged 7t-electron cloud of one molecule and the positively charged a-framework
of an adjacent molecule. The relative orientation of the two interacting molecules is
determined by the electrostatic repulsions between the two negatively charged 7t-systems.
Sanders and Hunter stress the importance of the interactions between individual pairs of atoms
rather than molecules as a whole.
1.5.7 van der Waals forces « SkJ/ mol; variable)
The dispersive forces are described as electrostatic attractions between fluctuating weak
dipoles like neighbouring C-H bonds, which at some time can assume local charge
distributions. These differ from the permanent time-averaged moments and can assume an
energetically favourable mutual orientation. These forces depend on the magnitude ofr-6
between interacting bonds and therefore require an extremely tight fit between molecular
surfaces."
Interactions between aromatic systems occur in many cyclophane complexes, and in most
cases one observes the expected increase of binding affinity with the increased size of the 7t-
surfaces, even if the guest molecule extends over the rim of the host cavity. Interactions
between the electron-deficient tetracationic cyclophanes 6 and 7 and electron-rich guest
molecules playa major role in many supramolecular systems including self-assembly
proce~ses.
\ /
-N-(CH2ln-N-
NC}--CN+
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_...N-(CH2lnN-
/ \
6 7
1.5.8 Hydrophobic interactions (- 20-30 kJ/ mol/2
Hydrophobic interactions dominate many important processes, such as aggregation of
surfactants to form micelles, bilayers, and other supramolecular structures, folding of proteins,
protein-substrate (e.g. enzyme-substrate) and protein-protein association, solubilisation of
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non-polar substances by surfactants aggregates, and supramolecular complexation of guests
with non-polar parts. These interactions to some extent compensate the inefficiency of polar
interactions (including hydrogen bonding) in water, which results from the high dielectric
constant and strong proton donor -acceptor capacity of this solvent.
Hydrophobic effects are of crucial importance in the binding of organic guests by cyclodextrin
and cyclophane hosts in water and may be divided into two energetic components: enthalpic
and entropic. The enthalpic hydrophobic effect involves the stabilisation of water molecules
that are driven from a host cavity upon guest binding. Because host cavities are often
hydrophobic, intracavity water does not interact strongly with the host walls and is therefore
of high energy. Upon release into the bulk solvent, it is stabilised by interactions with other
water molecules. The entropic hydrophobic effect arises from the fact that the presence of two
(often organic) molecules in solution (host and guest) creates two "holes" in the structure of
bulk water. Combining host and guest to form a complex results in less disruption to the
solvent structure and hence an entropic gain (resulting in a lowering of overall free energy)_23
1.6 Molecular Receptors
Molecular receptors are defined as molecular structures that are able to bind selectively ionic
or molecular substrates (or both) by means of various intermolecular interactions, leading to
an assembly of two or more species, a supramolecule.i"
Receptor chemistry, the chemistry of synthetic receptor molecules, represents a generalised
coordination chemistry, not limited to transition-metal ions but extending to all types of
substrates: cationic, anionic, or neutral species of organic, inorganic or biological nature.
1.6.1 Spherical recognition
Although some scattered examples of binding of alkali metal cations (AC) were known," the
coordination chemistry of alkali metal cations developed only in the last 40 years with the
discovery of several types of more or less powerful and selective cyclic or acyclic ligands.
Three main classes may be distinguished: 1) natural macrocyles displaying antibiotic
properties such as valinomycin 8;262) synthetic macrocyclic polyethers, the crown ethers and
their numerous derivatives.I" 28followed by the spherands.i" 303) synthetic macropolycyclic
ligands, the cryptands.'!: 32,33
14
Chapter 1 1. Supramolecular Chemistry
8
1.6.1.1 Crown ethers and aza crown
Since their accidental discovery by Pedersen in 196727 the crown ethers 9 have proven to be
enormously popular (and extremely useful) hosts for a startling range of metal ions and neutral
organic species."
n = 1, tz-crcwn-s
n = 2, is-crown-S
n = 3, ts-crown-e
n = 4, 2i-crown-7
n = 5, 24-crown-6
n = 7, ao-crown-i 09
One of the facets that has made crown ether chemistry so popular is the notion that these
ligands may select and bind to any metal cation, on the basis of size fit within the interior of
the macrocycle.F' This size fit argument as a basis for solution selectivity patterns has
undergone much revision and addition, however, as crown ether chemistry has evolved, and
factors such as preorganisation and complementarity, solvation and chelate ring size are now
accepted to be the most significant factors involved in the solution selectivity of the crown
ethers.
1.6.1.1.1 Synthesis of crown ether
Numerous macrocyc1ic polyethers have been synthesised using a variety of routes. Several
research groups have incorporated a Troeger's base motif (Figure 11) into crown-based
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receptors," such as 10. The incorporation of a Trceger's base motif in a receptor gives it a
helical shape with a rigid, concave cavity.
Figure 11 Trceger'sbase
n"'1
n=2
n=3
10
Warnmark and co-workers have employed a condensation reaction to synthesise the C2
symmetric bis(18-crown-6) analogue 11, which binds heptane-l,7-diylbis(ammonium
chloride) most strongly from a series of achiral primary ammonium salts.37
rOl
(
0 O~ CH201 HCI
o O~NH EtOH
~O~ 2
11
Shepard et al. have synthesised redox-active cluster compounds by the direct reaction of aryl
crown ethers with a hexaruthenium carbido cluster [Ru6C(CO)17]' which display host-guest
behaviour with Na+ and NH/.38
Stoddart and co-workers have reported hydrogen-bonded complexes of aromatic
crown ethers with (anthracen-9-yl)-methylammonium derivativea" Results show that as a
consequence of the hydrogen bond driven recognition process, the anthracene chromophoric
unit interacts with the aromatic units of the crown ethers. Upon guest interaction, some of the
complexes show complete fluorescence quenching-the basis of a potential supramolecular
switching system.
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Much attention has been paid to the use of crown ethers in biological environments. Barboiu
et al. have prepared a series of supramolecular complexes of the ammonium salt of a crown
ether with different natural and non-natural amino acids (L-phenylalanine, L-Ieucine).4o
Significant effort has been devoted to develop receptors for sequence-selective recognition of
peptide side-chains. Hossain and Schneider's systems utilising an 18-crown-6-ether and a
peralkylammonium group (Figure 12) bind peptides in water with moderate selectivity."
Figure 12 l S-crown-o-ether and a peralkylammonium group
Voyer et al. have designed some bis-crown ether modified peptides, which selectively
complex Cs+ and u.oi-diammonium alkanes using the simultaneous action of the two distant
crown ethers. Complexation of Cs+ was shown to induce a specific conformational change in
the backbone of one of the peptides."
Hexaaza macrocyclic ligands have been particularly well studied.43, 44,45 The protonated
hexaaza macrocyc1ic ligand 12 and 13 selectively bind nuc1eosides such as AMP, ADP and
ATP.
12 13
Lehn and co-workers have synthesised a macrocyc1ic polyamine based polyphosphate receptor
bearing two acridine units 14.46
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14
It uses electrostatic and stacking interactions for the binding of nucleotide polyphosphates and
for the recognition of ATP and NADPH, and can be used as an in vitro fluorescent probe for
ATP. Further work on receptors for nucleotide anions has been performed by Bazzicalupi et
al..47 Phenanthroline containing macrocycles bind diphosphate, triphosphate, ATP and ADP
at neutral or slightly acidic pH, giving 1:1 complexes. Sessler and Kral have utilised
sapphyrin-based systems to recognise phosphates and carboxylates.Y' 49, 50
The study of cationic binding to crowns continues to receive widespread attention. Boens and
co-workers have described new, versatiles routes for the synthesis of 4-substituted pyridino
crown ethers and 4,4' -substituted dipyridino crowns 15, 16, 17.51
01'0
15
16 0 = 1
17 0=2
The aryl thiophene fluorophore in 15 has been used to study the binding of monovalent
cations, where selectivity is shown for K+.
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Costa et al. have synthesised methylpyridine derivatives of 14-membered tetraaza
macrocycles and determined their stability constants with a variety of transition metal ions. 52
Compound 18 shows remarkable selectivity for Cd2+, making it especially useful for systems
that remove this poisonous heavy metal from the environment.
18
Kumar et al. have synthesised two macrocycles 19 and 20; these 2-aminothiophenol based
cyclic receptors show high selectivity for Ag+over other metal ions.53
19 20
Ranganathan et al. have constructed a series of adamantane-containing macrocycles that
possess high efficiency in transporting Na+, Ca2+, and Mg2+ ions across model membranes. 54
1.6.1.2 Spherands'
Donald J. Cram developed a further type of macro cyclic cation host: the spherands. While the
crown ethers are relatively flexible in solution, Cram realised that if a rigid host could be
designed, which had donor sites that were forced to converge on a central binding pocket even
before the addition of a metal cation, then strong binding and excellent selectivities between
cations should be observed. Cram and co-workers'" designed the rigid, three-dimensional
spherands 21,22 and 23, whose cation-binding oxygen atoms are preorganised in an
octahedral array, ready to receive a metal ion.
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21 22 23
Binding free energies of host with u'are listed in Table 2.
Host -AGo (kJ/ mol)
21 96.3
22 70.3
23 66.6
Table 2 Binding free energies of selected complexes with Li+
Although host 22 contains six oxygens with inward-turned unshared electrons pairs, the highly
constrained syn bridges force the cavity to be somewhat elongated in one dimension so that
the two methoxy oxygens are most distant from each other than the pseudo-para pairs of
oxygens found in the bridges. Consequently, the u' guest (effective Li+-0 distance of 1.27
A) is able to contact only five of the six oxygens in 22· u'.A -AGo value of70.3 kJ/ mol
results, considerably less than the -AGo value of 96.3 kJ/ mol observed for 21· Li+ (Li+-O
distance of 1.48 A). Host 23 contains eight oxygens with inward-turned electron pairs to
provide an approximately spherical cavity. The crystal structure of23' Li+ indicates that Li+
(1.71 A effective diameter) only contact seven of the eight oxygens, one of the methoxy
oxygen in the drawing being distant from the lithium ion. The -AGO value for 23·u' is only
66.6 kJ/ mol, somewhat less than that for 22·u'with only five contacting ligands. Cram
concluded from these results that the nearly perfect octahedral arrangement of the six oxygens
in 21 more than compensates for the over rigid but somewhat distorted cavity of eight oxygen
atoms in 23. The nearly square-pyramidal arrangement of the five oxygens used by Li+ in
22'Li+ provides slightly better binding than the seven more distant oxygens used in 23·Li+.
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These results further indicate that the effective diameter of Li" depends on the number of its
ligands."
Cram and co-workers reported the synthesis and binding properties of other kinds of
spherands 24 and 25.
24 25
Solution of24 and 25 in CDCh were shaken at 25 °C with equal volumes ofD20 containing
u',Na+, K+, Rb+, Cs+, NH/, CH3NH3+, and (CH3)3CNH3+picrates, and the amounts of
picrate extracted and remaining were measured spectrophotometrically" From the values
obtained, the K, (M-I) and _~Go (kJ/ mol) were calculated (Table 3).
Pic rates 24 25
x, (M-I) _~Go (kJ/ mol) x, (M-I) _~Go (kJ/ mol)
Li+ 2.5 x 109 53.3 9.2 x 107 45.1
Na+ 3.6 x 1010 60.2 8.9 x 108 50.9
K+ 5.2 x 107 43.5 l.4x 107 41.4
Rb+ 6.7 x 105 33.0 8.2 x 106 39.3
Cs+ 3.3 x 105 28.0 l.4x 107 40.9
NH4+ 2.9 x 106 36.4 1.5 x 107 40.9
CH3NH3+ 9.7 x 104 28.8 6.6 x 106 38.9
(CH3hCNH3+ <20.9 1.4x 105 29.3
Table 3 Values of'K, (M-I) and _AGo(kl/ mol) for Spherand" 24 and 25 binding alkali metal and ammonium
picrates at 25 °c in CDCl3 with D20
a
All concentrations of host and guest were 0.001 M for 24 and for the first three entries for 25, but those for the
remainder of25 were 0.015 M.
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The cavity diameters in free 24 and 25 were 1.94 A and 1.98 A, respectively, compared to that
ofNa+ (-1.9 A) and the 1.48 A diameter of Li" in 21· Lt. Thus spherand 24 and 25 appear
beautifully preorganised to bind Na+, so it is not surprising that binding free energies peak at
60.2 for 24 and 50.9 kJ/ mol for 25. Model examination suggests that only the five CH30
oxygens can simultaneously contact u' in 24·Li+ and 25'Li+, which correlates with the lower
binding constants for these two spherands of 53.5 and 45.1 kJ/ mol.
The presence of the respective CH20CH2 and CH2SCH2 units in 24 and 25 not only expands
the cavity while exposing it to solvation but also introduces flexibility into the 18-membered
macro ring, which provides measurable binding for K+, Rb+, Cs+, NH/, CH3NH3+,
(CH3)3NH3+picrates. Thus 24 binds K+ better than 25, but the larger ions are more strongly
complexed by the sulphide than the oxide cycle by _~~Go values that range from a low 4.6 for
NH/ to a high of 12.9 kJ/ mol for Cs+. Not only is the macro ring of25 larger than that of24
due to the longer bonds in CH2-S-CH2 as compared to CH2-O-CH2, but also the softer
character of S compared to 0 means the bond angle deformations involving S are less costly
than those involving O.
1.6.1.3 Cryptands and cryptates
Whereas macrocycles define a two-dimensional, circular hole, macrobicycles define a three-
dimensional, spheroidal cavity, particularly well suited for binding the spherical alkali metal
cations (AC) and alkaline-earth cations (AEC).
Indeed, macrobicyclic ligands such as 26-28 form cryptates [cryptands + Mn+], by inclusion of
the metal cation inside the molecule.31-33,57, 58
26m" 0; n"1
27m=1; n=O
28m=n=1
The optimal cryptates for the binding of AC and AEC have stabilities several orders of
magnitude higher than those of either the natural or synthetic macrocyclic ligands. They show
pronounced selectivity as a function of the size complementarity between the cation and the
intramolecular cavity, a feature termed spherical recognition. As the bridges of the
macrobicycle are lengthened from cryptands 26 to 28, the size of the cavity increases
gradually and the most strongly bound ion becomes, respectively, u',Na+, and then K+. Thus
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these ligands presents peak selectivity, being able to discriminate against cations that are
either smaller or larger than their cavity. Plateau selectivity is observed for more flexible
cryptands, which contain longer chains and therefore larger, more adjustable, cavities; they
show only small differences in stability for K+, Rb", Cs+.59
Recently lanthanide binding selective cryptates have been obtained. Luo and co-workers'"
synthesised seven lanthanide cryptates [LnL](NO)3· nH20 (Ln = La, Ce, Pr, Srn, Gd, Tb)
(Figure 13) by directly reacting the free ligand L with the corresponding lanthanide nitrates.
Figure 13 The chemical structures of the complex cations, Ln = Eu (Ill), La (Ill), Ce (Ill), Pr (Ill), Srn (Ill), Gd (Ill), Tb (r:
The high dilution technique is still the most commonly used method for cryptand synthesis."
However, this technique usually takes a long time for completion, which encouraged the
development of other techniques such as the template synthesis and low-temperature
cYclisation reactions. A template organises reactants with respect to each other so they can
achieve a particular linking to form the desired compound.f
The synthetic difficulties associates with cyclisation reactions are mainly due to the
movements of the reactant arms, which decrease the possibility of reactive group-coming in
proximity within the reactive zone-to yield the desired macrocycle. This conformational
mobility can be decreased substantially either by increasing rigidity'" of the framework, by
InCorporation of aromatic and unsaturated groups or running the reaction at lower
temperature.64
Major strategies devised for the synthesis of laterally non-symmetric cryptands are (I)
stepWise, (II) tripodal coupling, (III) tripodal capping.
Although stepwise synthesis mostly affords symmetric cryptands, it can also be used to obtain
non symmetric cryptands.f However this strategy is problematic and affords the desired
cryptands in low overall yields.
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Tripodal coupling is a more direct method where [1+1] condensation of two different tripodal
units can be carried out. A number of cryptands have been synthesised'f" by Schiff-base
condensation of tripodal amines with tripodal trialdehydes (Figure 14), followed by a
reduction of the arising imino groups formed with NaBH4.
(N)\
ceo °)Q~w'-': (i)h h ~CHO
OHC OHC
NH2
I -H2NN) 7H2 (i) MeOH. 50C"'--V (ii) NaBH4
Figure 14 Tripodal coupling of two podand units to a laterally nonsymmentric crypt and
In this synthetic strategy, an alkali metal ion such as Rb(I) or Cs(I) is usually employed as a
template and the reaction is carried out at ~ 40 °C. However, at low temperature (~5 °C), the
reaction can proceed with comparable yields without any templating ion due to the increased
conformational stability of the podands arms. This method works well if the tripodal arms
contain aromatic groups, which increase the rigidity of the tripods.
Non-symmetric cryptands with large cavities (Figure 15) can be synthesised" only in the
presence of Rb(I)/ Cs(I)-ion as the template. Un-templated reactions lead to mixtures of
unidentified products. Apparently, the bigger podands cannot close-in to undergo [1+1]-
condensation in absence of a template. The tripodal coupling strategy can be applied to
condense a tripodal ester with a tripodal amine (Figure 16).72
RQ~ !J
CO ~ 53
i. CsCI. MeOH ~0u_N _ 5~
ii. NaBH4 \_ r; "\ 'r; \
0n-~~5_/
\d\_j)
Figure 15 Template synthesis ofa cryptand with a large cavity
EtOOC COOEt COOEt~~N7
Figure 16 Tripodal coupling of an amine with an ester 24
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The tripodal coupling of a tri-amine with a tri-acid chloride at room temperature also affords73
a non-symmetric cryptand (Figure 17).
s~
~~ <5°1 Sofs:P=°
Figure 17 Tripodal coupling of two podands with benzene bridgeheads
A
COCI
-
h
COCI COCI
1.6.2 Tetrahedral recognition'
Selective receptors of tetrahedral substrates require the construction of a receptor molecule
with a tetrahedral recognition site. This may be illustrated by the macrotricyclic cryptand
29.74-76
29
29 binds the tetrahedral NH4+ cation exceptionally strongly and selectively (as compared with
K+). This complex presents a high degree of structural (shape and size) and interaction site
complementarity between the substrate, NH4 +, and the receptor 29. The ammonium ion fits
into the cavity of29, and is held by a tetrahedral array of~-H ..·N hydrogen bonds and by
electrostatic interactions with the six oxygens. In addition to its Lewis basic properties, which
enable it to bind strongly to cations, in its tetraprotonated form it is also capable of binding
anions such as er, acting via the formation of four hydrogen bonds supported by electrostatic
interactions with the ether oxygen atoms. Thus, depending on the pH of the medium, the
neutral host may bind cations, especially ammonium, NH4 +; in its diprotonated state, it binds
neutral molecules such as water; and in tetraprotonated state, it binds anions such as er.
25
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Molecular mechanics and dynamic calculations have shown that the preorganisation of29 for
cations or anions binding and recognition results from its high connectivity and its preformed
cavity with converging binding sites and fairly fixed size."
1.6.3 Recognition ofneutral moleculel
Molecules or fragments that possesses intrinsic curvature (i.e. are structurally bent or curved)
may be used to bind guest molecules in both solution as well as the solid state. Intrinsically
curved molecular building blocks that are reasonably synthetically accessible are relatively,
uncommon, and as a result cavitand hosts and a wide range of related species tend to fall into
loose families. A range of examples of synthetically accessible cavitands and curved
precursors that have been used to host neutral guest species are shown (Figure 18). Among
them a group of interesting examples of calix[ 4]arenes, calix[ 4]resorcinarenes and
cyc10phanes will be described.
Calix(4)resorcinarene
R = CH3. CH2CH2Ph. etc,
Calix(4)arene
R = H. CH3. t-Bu, etc,
Ie0
H
:g~H 0 OH
HO ) (' H~
OH
OH
o OH HJ10 0
HO :)0 OH
~ OH
HO OH
o;-Cyclodextrin
OH
Glycoluril
Kohnene precursor
R
Triphenylmethane
R = H. CH3
Figure 18 Range of curved building blocks and structural types
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1.6.3.1 Calix[4Jarenes and calix[4Jresorcinarenes
The calixarenes are a popular and versatile class of macrocyles formed from the condensation
of a p-substituted phenol (e.g. p-tert-butylphenol) with formaldehyde. Itwas in 1972 that C.
D. Gutschc" revised the chemistry of these oligophenol products in the hope of producing a
range of cavity containing substances suitable for the construction of enzyme mimics, using
the basket-like cone conformation. In the past thirty years a large variety of differently
functionalised calix[ 4]arenes has been synthesised for the binding of relatively small guest
species (cations, anions and small neutral molecules). More recently Bohmer has published a .
very comprehensive review of calixarene chemistry." Takeshita and Shinkai have reviewed
recent topics on functionalisation and recognition ability of calixarenes.t"
The calixarenes are extremely versatile host frameworks and, depending on their degree of
functionalisation, may act as hosts for cations, anions and neutral molecules. Here it will be
focused on the varieties of functionalisations, which make the calix[ 4]arenes suitable hosts for
neutral molecules.
A wide range of solid-state inclusion complexes is formed by calix[4]arenes with aromatic and
aliphatic guests (halo alkanes, acetone, DMF, DMSO) generally stabilised by a range of weak
interactions of the C-H···7ttype. Despite these interesting results, however, there is little
evidence for significant binding of calixarenes to the majority of neutral molecules in
nonaqueous solution. Calix[ 4]arene cavities are relatively small and too conformationally
mobile to offer significant solvophobic protection, while the absence of strong host-guest
interactions means that there is little enthalpic stabilisation of the complexes. An exception is
the complexation ofamines by alkyl[4]arenes, which gives binding constants in CD3CN of the
order of 104 M-I. This is thought to occur by a two-stage mechanism involving initial
protonation of the amine by one of the acidic calixarene phenolic groups, followed by binding
of the guest cation by the resulting calixarene anion. The complex is thus stabilised
Significantly by ionic interactions.'
In aqueous solutions, water soluble calixarenes have the potential to bind much more strongly
to organic guests than in lipophilic media because of the hydrophobic effect. Unfortunately,
p-alkylcalixarenes are not water-soluble and must be derivatised in order to take them up into
aqueous solution. This has been accomplished by sulphonation of the upper-rim substituents
to give the p-sulphonatocalix[ 4]arene 30, generally as the sodium salt, which is highly water
soluble.
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30
Compound 30 proved to be very acidic in aqueous solution. It is generally accepted that this
results as a consequence of the stabilisation of the phenoxy anion arising from deprotonation
by intramolecular hydrogen bonding. Compound 30 forms strong complexes in aqueous
solution with cationic organic molecules, the binding constant for the
adamantyltrimethylammonium cation 31, for example, being 21 x 103 M-I. It is also able to
bind neutral molecules such as toluene, although the binding constant is only 7 M-I.
31
Other water-solubilising substituents such as aminomethyl and carboxyethyl functionalities
have also been appended to calixarenes, as in compounds 32 and 33, which were studied in
diluted acid or base, respectively. Complexation studies with aromatic compounds such as
durene and naphthalene in water gave binding constants in the range 6 x 102_ 1.5 X 104 M-I•81
32 33
Calixarenes may also be transformed into solution hosts by other ways of elaborating the
upper rim. The readily available nature of the calixarene framework has resulted in the
synthesis of a number of hosts that use the calixarene as a spacer and rigid, three-dimensional
anchor molecular platform upon which to build other binding groups. One particularly good
example of this approach is the addition of2,4-diaminotriazine groups on to two opposite
calixarene aryl moieties to give the receptor 34. 82
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Closely related are the calix[ 4]resorcinarenes, which are prepared in similar fashion by
condensation of resorcinol (3-hydroxyphenol) with aldehydes. In this case, acid catalysed
conditions are used; however, the preparation does not work with formaldehyde itself due to
polymerisation reactions occurring from the 2-position (Scheme 1).
HCI (37%). R2CHO
80°C. 16 h. 75%
4
R1 = H. OH. alkyl
R2 = alkyl. aryl
Scheme 1 Typical synthesis of [4]resorcinarenes
A large selection of other aldehydes are effective, however, and acetaldehyde or 2-
phenylethanal (resulting in enhanced solubility of the product in organic solvents) are most
commonly used. Resorcinarenes are significantly more conformationally mobile with free
energy activation barriers L\Gt for conformational interconversion of 18.4 kl/ mol for [4]-
resorcinarene 35.
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OH
35
Sulphonated [4]resorcinarenes have also been prepared, and their ability to bind a range of
cyc1ohexanols 36-40 and sugar 41 in aqueous solutions has been examined. Binding constants
for hosts 42 a-c are given in Table 4.3
Both derivatives 42 band 42 c bind guests more strongly than the parent compound, despite
the different polarities of their substituents and the degree to which they donate electrons into
the aryl rings. It seems that relatively hydrophobic guests such as 37 prefer 42 b to 42 c,
whereas the opposite is true for the hydrophilic 40. The highly hydrophilic 41 is not bound at
all. Overall, the results suggest significant C-H···1tinteractions from the guest to the host
electron-rich aryl rings (both CH3 and OH substituents are electron donating).
-1-0H
~OH £:::::T'OH c:::r-0H
OH
H3CiO'{"OH
HO~"OH
OH
° ",OHHO "
""'OH
OH
36 37 36 39 40 41
OH
42
42a R=-H
42b R = -CH3
42c R .. -OH
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Guest 42 a (Ka/M-1) 42 b (Ka/M-1) 42 c (Ka/M-1)
36 4.2 19 24
37 30 200 92
38 16 125 64
39 14 80 80
40 1.8 6.0 8.4
41 ~O ~O ~O
Table 4 Binding constants for sulphonated resorcarenes with various alcohol guests
Work by Cram and his group83 has resulted in the preparation of a range of multiply bridged
[4]resorcinarenes such as 43 and 44, which exhibit significantly reduced conformation
mobility in solution. The substituents R, are excellent functional groups for even further
elaboration of these materials. The presence of a rigid molecular cavity means that
compounds 43 and 44 invariably crystallise with an intracavity guest. Cram's group has
carried out a large range of X-ray structures with guests such as S02, CS2, CH3CN and
CH2Cb.
R
R
R
43
a R= H, X= CH2
b R = Br, X = CH2
C R = CH2SH, X = CH2
d R = CH2CI, X ,. CH2
e R = H, X = SiM~
Compound 44 has a vase-shaped cavity that is large enough to accommodate DMF in the solid
state. In solution, the most effective host is the dimethylsilyl derivative 43 e, which has a tall,
narrow cavity suitable for inclusion of linear guests such as those listed above.
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D. Reinhoudt and his co-workers''" synthesised calix[ 4]arene-based carceplex, such as 45, by
combining one calix[ 4]arene and one resorcin[ 4]arene.
45
R = C3H7
R'= C11H23
The incarcerated guest molecules such as DMF, DMSO, 2-butanone, show considerable
upfield shifts in the IH-NMR spectrum with respect to the neat guest.
1.6.3.2 Cyclophanes
The term "cyclophanes" literally means any organic host containing a bridged aromatic ring.
By definition, a cyclophane host must contain at least one macrocyclic ring and thus must
achieve closure by some means of curvature. Cyclophane hosts mayor may not contain a
molecular cavity. In some cases molecular cavities are unnecessary to achieve high binding
affinity as long as binding sites exhibiting stereo electronic (steric and electronic)
complementary to the guest are properly positioned (preorganised) in the host. This can result
In capsular or nesting types of binding. Cavities are frequently encountered however, because
of the entropic and enthalpic gains associated with spherical or three-dimensional
encapSUlation of the guest by a host with convergent binding sites.'
Cyclophanes synthesis necessarily involves the closure of medium-to large-sized rings and is
therefore always problematic, due to competing oligomerisation and polymerisation reactions.
Some common techniques in this advanced form of organic synthesis are worth referring to
and a few important reactions in cyclophane synthesis are listed belowr"
1. Nucleophilic substitutions involving sulphur, and sulphur extrusion reactions. Sulphur is
much more reactive than oxygen as a consequence of the greater acidity of the SH
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functionality. Intermediate thioethers may be oxidised to the corresponding S=O or S02
derivatives, and pyrolysis results in sulphur extrusion to give the corresponding C-C
bonded species, such as 46 (Figure 19).
Br Br
Br
Br Br 1.Oxidation
2. Pyrolysis
46
Figure 19 Macrocycle synthesis via sulphur extrusion
2. Conversion of m-hydroxy acids into lactones via the Mitsunobu reaction. Ring size and
degree of oligomerisation is dependent on temperature and additives (Figure 20).85
o
HO~OH
o PPh:l
)l ~N).f"OEt
EtO N II
o0)
)l /~I(0Et
- EtO N
H o O=PPh:l
Figure 20 Synthesis of lactones via Mitsunobu reactions
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3. Copper catalysed alkyne coupling (Figure 21).
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Figure 21 Copper-catalysed alkyne coupling
One of the most important breakthroughs in the search for synthetic hosts capable of binding
to appropriate guests in solution came in the development of the cyclophane 47 by Odashima
et al..86 This compound makes use of the diphenylmethane moiety in order to provide
curvature on two sides of the approximately rectangular macrocyclic cavity. The two
diphenylmethane fragments are linked by flexible aliphatic amine spacer groups.
~~NH
HN~N
H
47
At pH < 2 in aqueous solution, host 47 is water-soluble as a consequence of the protonation of
the nitrogen atoms. Significant shifts are noted in the IH-NMR spectrum of the molecules in
the presence of a range of organic molecules, particularly aromatic guests such as 8-anilino-1-
naphthalenesulphonate 48, the binding of which can be followed readily by fluorescence
spectroscopy. Such evidence of interaction had been observed in other systems before 1980,
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but the main advance in the chemistry of 47 was the discovery that the addition of durene
(1,2,4,5-tetramethylbenzene) 49 to a solution of the host caused the formation of a crystalline
solid, which was analysed by X-ray crystallography. This structure provided the first
definitive evidence of the inclusion of the organic guest in the centre of a macrocyclic cavity,
49
HO~OH
~
50
just as suggested by simple model building. Itwas hence possible to design an entirely
artificial cavity that could complex organic guests in water. The durene molecule is bound via
both edge-to- face and offset face-to face 1t-1t stacking interactions, with the shortest C···C
distance being 3.59 A from a durene methyl group to the host aryl carbon atom.
Compound 47 was also important because it established NMR spectroscopy as the tool of
choice for the study of host-guest complexation in solution. Furthermore, the magnitude of
the shifts is related to the proximity of the guest protons to the aromatic rings of the host (and
vice versa) and their relative orientation. lH-NMR spectral changes associates with the
complexation of SOby 47 are shown in Figure 22.
F· 1
Igure 22 H-NMR chemical shift changes (ppm) upon interaction of 47 (0.025 M) with 50 (0.025 M) in diluted HCI solution.
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While conceptually an extremely important leap forward, host 47left a great deal of room for
improvement and a huge number of new and improved diphenylmethane-based systems were
prepared by a number of different groups. Particular problems to be addressed with 47
included:
• The need to work in strongly acidic solutions. Solubility at neutral pH would be useful in
studies on physiological systems.
• The proximity of the polar amine groups needed for water solubility and the guest binding
site makes it difficult to decouple ion-pairing (salt-bridge) effects from hydrophobic
binding. Positioning the polar group remote from the binding site would improve the
analysis of selectivity patterns.
• The polymethylene linkers between the two diphenylmethane moieties are very flexible
leading to a poorly preorganised host. Spacers that are more rigid should result in a
greater selectivity.
Improvements in host rigidity and preorganisation have been made by Kearney et al.87 and
Webb and Wilcox88 through the introduction of bridged anthracene 51 and Treeger's base-
building blocks 52. In each case the enhanced preorganisation and rigidity results in more
effective guest binding.
~oo
51 52
Work by Hunter89 has applied multiple hydrogen bond and multiple rt-rt stacking recognition
to the binding of the hydrogen-bond acceptor p-benzoquinone. This resulted in the design and
synthesis of the receptor 53, which incorporates a complementary set of four hydrogen bond
donors (NB groups; one for each quinone lone pair), and diphenylmethane-based 1t-surfaces.
Binding constants for hosts 53 with p-benzoquinone are given in Table 5.
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High dilution
53
X=Y=CH 1200
X = N, Y = CH 1800
X = CH, Y = N 230
Table 5 Binding constants in CDCl3 for hosts 53 for p-benzoquinone guest
More recently Bartsch et al. described the preparation of cyclophane host 54 and the solid -
state structure of its complex with an anthracene guest."
10 6 7
54
By IH-NMR spectroscopy, no complexation oftoluene,p-xylene, or naphthalene molecules
by cyclophane 54 in chloroform was evident. However, mixing of d-chloroform solutions of
the cyclophane host and antracene gave an immediate formation of a white crystalline
precipitate with a melting point similar to that of host 54. Combustion analysis of the crystals
revealed a one-to-one complex of host 54 and anthracene guest. X-ray diffraction showed the
anthracene is encapsulated within the cavity of the cyclophane host. The dihedral angles
between the planes of the three benzene rings at each end of the cyclophane host are 73.9,
95.3, and 133.7° for ring I-ring 2, ring 2-ring 3, and ring I-ring 3 (ring 3 is the C20-C25
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benzene ring). The dihedral angle between the least-squares planes of the host and guest is
18.8°. The cyclophane cavity has a rectangular shape with dimensions of approximately 15 A
(CI2-Cl3) for one side and approximately 10 A (C3-026) for the other. This provides sufficient
space for the anthracene guest to lie nearly flat in the middle of the intramolecular cavity of
the host with the terminal edges of the anthracene pointing toward the aromatic portions of the
host.
1.7 Anion Recognition Chemistry
Research has been increasingly active in recent years and anion coordination chemistry is
progressively building up as a new area in coordination chemistry.": 92
Anionic substrates have specific features. They are large, compared with many metal cations;
they possess a range of geometries, spherical (halides), linear (N3",OCN", etc.), planar (N03",
R-C02", etc.), tetrahedral (SOl", CI04", phosphates, etc.), octahedral (M(CN)6n").
Positively charged or neutral electron-deficient groups may serve as interaction sites for anion
binding. Ammonium and guanidinium units, which form ~-H"'X" bonds, have mainly been
studied, but neutral polar hydrogen bonds (with -NHCO- or -COOH functions), electron
deficient centres (boron, tin mercury= 94as well as perfluoro crown ethers and cryptands'"), or
metal-ion centres in complexes also interact with anions.
Spherical recognition of halide ions is displayed by protonated macropolycylic polyamines.
Anion cryptates are formed by the protonated macrobicyc1ic 55 96polyamine, with preferential
binding of F' in an octahedral array of hydrogen bonds.
55
The octamine 55 is an excellent example of another type of interaction one can profit for anion
recognition purposes: the cascade-type binding. It occurs when a ligand first binds metal ions,
which then serve as interaction sites for an anion." In fact, anions may exhibit definite
coordinating tendencies towards metal ions, especially those belonging to the d-block. In
Particular, metal complexes possessing one (or more) vacant binding site(s) can act as
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receptors for anions displaying coordinating properties. An example is illustrated by the
Copper (II) complex with a derivative ofa tetramine subunit (called tren). Tren tends to
impose a trigonal bipyramidal stereochemistry, so that the metal presents a vacant axial
position, available for the coordination of either a solvent molecule or an anion. In the
complex 56 shown in Figure 23, the axial position is occupied by the nitrogen atom of the
azide anion, N3-.
5&
Figure 23 Directionality of metal-ligand interactions
The structure illustrates well a unique feature of recognition based on metal-ligand
interactions: directionality. As a matter of fact, the rod-like anion adopts a "bent"
coordination mode, making a Cu-N-N angle of 127°. The angle reflects the Sp2nature of the
terminal nitrogen atom(s), which points a filled hybrid orbital towards the metal centre.
Linear recognition is displayed by the hexaprotonated form of the ellipsoidal cryptand bis tren
57, which binds various monoatomic and polyatomic anions and extends the recognition of
anionic substrates beyond the spherical halides." The strong and selective binding of the
linear, triatomic anion N3- results from its size, shape and site complementarity to the receptor
57-6W. In the complex 58 formed, the substrate is held inside the cavity by two pyramidal
arrays of~-H"·N- hydrogen bonds, each of which binds one of the two terminal nitrogens of
N3-.
57 z • side chain 118 Z • aide chain
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2. A review about Schiff Base Macrocycles: aims and perspectives.
Supramolecular chemistry has been a challenge over the decades. In this context the interest
forward new selective receptors has grown. A number of researchers are now involved in
this fast evolving field, which includes a wide ranging design of receptors.
The aim of this review is to highlight numerous advances in the area of Schiff Base
Macrocycles synthesis. Among the huge number of receptors to choose from, those, which
have shown a similarity with the Macrocycles involved in my synthetic work, both in
structure and in the synthetic pathway are represented. My main interest in writing this
chapter was to record as many examples as possible about Macrocycles, whose structure
contains the following frameworks:
X=CH, N
Y=S,O
The design of receptors with imine groups is of particular interest since this class of
compounds can be used to encapsulate specific guests such as acidic pesticides through
hydrogen bonding motif.
It is worth noting that particular attention has been paid in underlining the efforts made in the
last few years. However, due to space considerations in this thesis, this chapter should not
be regarded as being comprehensive.
This review consists of six sections, according to the scaffold of the Macrocycles:
1. Schiff Base Macrocyles with a pyridine framework;
2. Schiff Base Macrocycles with a phenolic framework;
3. Tiophene-containing Schiff Base Macrocycles;
4. Furan-containing Schiff Base Macrocycles;
5. Schiff Base Macrocycles with ortho and meta xylyl bridge units;
6. Schiff Base Macrocycles with different building blocks.
A further classification was made according to the reactions used to synthesise the
Macrocycles: template condensation or non-template condensation.
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2.1 Introduction
Nature has used aza-macrocyc1es, porphyrins 59 and corrins 60, for millennia but man has
only recently exploited this area of chemistry.
R R
R 59
R 60
R = alkyl group
The porphyrin ring of the iron-containing haem proteins together with the corrin ring of
vitamin BI2 have been studied for many years. In spite of that before 1960s there were only
the phtalocyanines 61 and isolated species such as Van Alpen's cyclam'" available, and often
III very small yields.
It was only following the pioneering work of Curtis'f" on the template synthesis ofN-
containing macrocyles that great interest was shown towards polyazamacrocyc1es and their
metal complexes. In 1961 Curtis lOla reported the earliest example of a synthetic macrocyc1ic
ligand 62 containing an imine linkage, which was derived from the mixed Schiff base-aldol
condensation of acetone with nickel (II) ethylenediamine complexes. In 1964 Curry and
BUschlOlb mentioned the iron (II)-templated condensation of the 2,6-diacetylpyridine with
triethylenetetramine to give iron (III) complexes of the macrocyc1e 63. This was followed
by the observation that the self-condensation of o-aminobenzaldehyde gave, in the presence
of nickel (II) ions, complexes of the macrocyc1ic ligands 64,65.
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yY
N NHo- )
NH N
~
62
64
Schiff bases have therefore provided the foundations for the building of contemporary
macrocyclic chemistry. A wide range of Schiff base macrocycles has evolved from early
studies. A possible classification rests on the structure of the macrocycle itself, which can
derive from the [1 +1] condensation or [2+ 2] condensation (the numers refer to the number
of building blocks used) (Figure 24); 102 a further classification can be proposed, depending
on the synthesis of the macrocycle: metal ion template synthesis orfree-metal synthesis.
R= H, -CH3
R1 = -(CH212-
-(CH2h-
-(CH2l4-
-(CH212-NH-(CH2)2-
-(CH212-0-(CH2)2-0-(CH212-
RAR
o OH 0
\ ~R
I/\d"b
RAR
o 0
Figure 24 Schematic representation of the [1+ 1] and [2+2] Schiff base macrocycles
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2.2 Schiff base Macrocycles: Pyridine framework
2.2.1 [1+1) Template Condensation
By means of [1+1] template condensation of 2,3-diacetylpyridine or 2,6-
pyridinedicarboaldehyde with primary a, co- diamines, metal complexes of Schiff base
macrocyc1es were obtained. In 1980 Nelsonl'" used metal ions as templates in a synthesis of
a range ofmacrocyc1ic Schiff base ligands 66-69 varying in size (15-30 membered rings) and
in the number and nature of the potential donor atoms. Inmost cases the macrocyc1es were
prepared by reacting 2,6-diacetylpyridine with the appropriate primary di-amine in
equimolar proportions in the presence of a metal salt.
66 m = n = 2, X = NH
67 m = 2, n = 3, X = NH
68 m = 3, n = 2, X = NH
69 m=n=2,X=O
Various solvents were used, most commonly methanol and ethanol. The importance of the
metal ion is shown by the fact that in its absence only viscous oils were obtained, these
having indefinite composition and properties suggestive of an oligomeric-polymeric
constitution. In the presence of the metal ion, the macrocyc1es were isolated as crystalline
complexes of the metal ion used as a template in their formation. It appears that the metal
ion has a stabilising effect on the macrocyc1e. Attempts to isolate the free macrocyc1es after
displacement of the metal ion proved unsuccessful.
Not all metal ions have proved to be effective as templates for the four macrocyc1es 66-69
and Table 6 summarises the results in this regard. According with the author in the
aforementioned paper, the entry "No" means that the synthesis has been attempted but has
proven unsuccessful under the conditions employed. The Table shows that Mg2+ leads to the
synthesis of the smaller macrocyc1es (IS-membered 66 and 69 and 16-membered 67) but not
the largest (I7-membered 68). A probable reason for this is the compatibility of the size of
the metal ion and the "hole" of the macrocyc1e. Thus ions with a radius ofless than ca. 0.80
A appear not to form macrocyc1ic complexes with 68. However, the converse does not
always apply since a large metal ion such as Hg2+does complex with 66. It is surprising that
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neither Ni (II) nor Cu (II) are templates for any of the macrocyc1es 66-68 since both ions are
Commonly used as templates in the synthesis of the tetradentate N4 macrocyc1e 70.104
70
Ion Ionic radius (A) 66 67 68 69 Ref.
Mg2+ 0.72 Yes Yes No Yes 105
Ca2+ 1.00 No No 105
A13+ 0.523 No 105
Mn2+a 0.82 Yes Yes Yes Yes 106,107
Fe3+a 0.65 Yes Yes Yes 108, 109, 106
Fe2+a 0.78 Yes Yes Yes 110
Ni2+ 0.70 No No No No 111
Cu2+ 0.73 No No No No 111
Hg2+ 1.02 Yes Yes Yes No 112, 113
Table 6 Efficiency of various metal ions as templates in the synthesis of"Ns" and "N302" macrocyles
a Radii refer to the high-spin hexacoordinate ions
Platas et al. reported 114the synthesis via [1+ 1] condensation of the 18-membered hexadentate
N402 Schiff-base polyoxaazamacrocyc1e 71 derived from 2,6-bis(2-aminophenoxymethyl)
Pyridine.
71
The authors performed the template reactions of 2,6-bis(2-aminophenoxymethyl)pyridine in
the presence of hydrated lanthanide nitrate and perchlorate, to obtain complexes with
formula [Ln71][N03h (Ln = La- Er, except Pm), and [Ln71][CI04h'H20 (Ln = La-Er,
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except Pm) in good yields. A full characterisation of these complexes was made.
Particularly interesting and worthy to mention here is the IH-NMR (in d6-acetone) analysis
of lanthanum, cerium, praseodymium, neodymium and samarium perchlorate complexes.
The IH-NMR analysis of the La (III) complex gave the simplest spectrum, indicating the
integrity of the macrocycle in the medium. The spectra obtained after 12 h, 24 h, and even
some days were similar to the initial one, which indicates the stability of the complex in d6-
acetone solution. For Ce (Ill), Pr (Ill), and Nd (Ill) complexes, resonance assignments were
made on the basis of signal integrations and line width analyses. When the spectra of
paramagnetic complexes are compared with that of the lanthanum complex, significant
changes in the chemical shifts, in particular for praseodymium and neodymium, are
observed: one of the most important occurs for the imine proton signal, which is shifted
downfield by 6.95 ppm for Pr, 14.95 ppm for Nd, and 2.15 ppm for Ce, and up field by 0.5
ppm for Sm.
More recently, L. Valencia et al.lls have investigated the opportunity for silver (I), zinc (II),
and cadmium (II) as nitrates or perchlorates, to act as templating agents in the synthesis of
72.
r-
ITNll
~N N0
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72
C. Lodeiro et al. 116 extended the research involving the synthesis ofNxOy macrocylic
ligands, combining Schiffbase fragments with other donor groups. They performed the
[1+1] condensation reaction between 1,5-bis(2-amino-phenoxy)-3-oxapentane and 2,6-
bis(2' -formylphenoxy-methyljpyridine to give 73.
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73
The condensation reaction was attempted with the nitrates of Ag (I) and Co (II), and the
perchlorates of Co (II), Ni (II), Ag (1) and Zn (II). The FAB-MS results serve an important
role in confirming the complexes resulting from a [1+1] cyclo condensation reaction. The
mass spectra for the complexes with 73 contain peaks due to different species, including
[M73(CI04)t (M = Co (II), Ni (II), Ag (I), and Zn (II)), [M73t (M =Ag (1), Zn (II), Pb
(II)). The dinuclear complexes of Co (II) and Ag (I) show peaks due to species such as
[Co273(CI04)(H20)t, [Ag273(CI04)], and [Ag273t confirming the presence of both metal
units in the complex.
2.2.2 [2+2J Template Condensation
A selection of the macrocycles derived from [2+2] condensation reactions is shown in
Figure 25 a and b.
74 75
(Ca2+, S~+, 8a2+, Pb2+, lanthanide cations)
76
Figure 25 a Macrocycles derived from [2+2] condensations in the presence of metal ions templates
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77
80
78 79
81
Ag+ Pb2+
Figure 25 bOther macro cycles derived from [2+2] condensations in the presence of metal ions templates
It can be seen that among the ions used as templates (indicated below the structural formulae
of the macrocycles) the larger alkaline earth metal ions are particularly useful.l'" A brief
discussion focusing on the main features of some of these ligands is the primary interest at
this point, a fully discussion about them being beyond the scope of this thesis.
Qomplexes 0(74, 75, 76
The Ca2+,Sr2+,Ba2+and Pb2+ ions are effective templates for the synthesis of the 18-
membered hexadentate macrocycles 74, 75, 76.117,118 The Mg2+ ion, as well as the transition
metal ions Mn (II)- Zn (II), Ag (I), and Cd (II) are ineffective as templates. In all cases the
complexes have a 1:1 metal: macrocycle stoichiometry with the exception of the Ba2+
complexes of the conjugated macro cycles 75 and 76, which have a 1:2 stoichiometry, viz.
[BaL2f+. Inview of the planarity of these conjugated macrocycles the 1:2 Ba2+complexes
are believed to have a sandwich structure. They are surprisingly stable and do not dissociate
in solution. The structure of several of the 1:1 complexes have been solved by single crystal
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X-rays analysis. In all cases the macrocycle is almost planar, the overall co-ordination
geometry being a slightly distorted hexagonal bipyramid, for example [Sr74Clz] and
[Pb(II)74(SCN)(NCS)]. In the case of [Pb(II)75(H20)][Cl04]'H20, however, a hexagonal
pyramid with the vacant axial position probably containing a stereochemically active lone
pair electrons is observed. The differing stoichiometries and stabilities of the complexes can
be nicely accounted for in terms of the sizes of the metal ions and the size of the macrocycle
hole. The structural analyses for the case of the planar conjugated "N6" macrocycle 75 show
that the radius of the hole is ca. 2.7 A. Therefore, it is not expected that Ba2+, of octa-
coordinate diameter 2.84 A119would sit within the cavity, a prediction consistent with the
proposed sandwich structure. For Ca2+,S~+ and Pb2+(octa-coordinate diameters 2.24, 2.52
and 2.58 A, respectively) the metal ion can now be readily accomodated within the planar
"N6" ring, as found. The Mg2+ ion and the first row transition metal ions Mn2+_Zn2+(octa-
coordinate diameters 1.80-1.92 A) are clearly too small to be effectively bonded to all six
nitrogen atoms of the planar macrocycle, thus accounting for their ineffectiveness as
templates.
Template synthesis of lanthanide complexes of 74 proved to be effective; complexes were
obtained with lanthanum (III) nitrate and perchlorate, cerium (III) nitrate,120 europium,
gadolinium, and terbium acetate.r" More recently the interest towards the lanthanide (III)
hexaaza macrocyclic Schiff base complexes has increased, mainly due to their applications
in medicine and biology, as well as their use as fluorescent probes in biological systems,122
and as magnetic resonance imaging (MRI) agents.123 All of these applications require that
the Ln (III) complexes be resistant to lanthanide ion release under physiological conditions.
In aqueous solutions, these complexes decompose by hydrolysis of the imine bonds with
release of the lanthanide ion. The lanthanide (III) macrocyclic complexes studied by D. A.
Voss et aZ.121 decompose by hydrolysis of the amine bond to form diacetyl pyridine and
lanthanide ion in water at pH 7.4 and at 37 °C. Decomposition of macro cyclic complexes of
74 was followed by monitoring the formation of diacetylpyridine by use of high-performance
liquid chromatography with UV -Vis. detection. According to the authors, decomposition of
the macrocyclic Ln (III) Schiff-Base complexes studied most likely proceeds by the
dissociation of the lanthanide ion following hydrolysis of one of the imine bonds of the
macrocycle. There are some pieces of evidence, which support hydrolysis of the bound
macrocyclic ligand followed by lanthanide ion dissociation rather than dissociation of the
lanthanide ion directly from the macrocycle. For example, similar Ln (III) hexaaza
macrocyclic complexes, which lack an imine bond are much more inert to decomposition
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than those of74.124 The rate constants for decomposition of the Ln(74)3+ complexes vary for
different lanthanide ions. Rate constants for the decomposition of these complexes decrease
from La (III) to Eu (III) then increase from Eu (III) to Tb (III). For macrocyclic ligands it is
common to have an optimal metal-ligand bond distance giving rise to the best fit of the metal
ion into the macrocycle cavity.125 The Eu (III) ion appears to have an optimal radius for the
74 macrocycle as it decomposes most slowly.
Complexes 0(81
The 30-membered "N604" macrocycle 81 is well suited to the formation of binuclear
complexes. This large ring forms binuclear complexes with several metal ions including Pb
(II), Ag (1),126and Cu (II).127
Interestingly, it was observed'r" that when the complex [Ba82] [CI04h was dissolved in
MeOH at room temperature in the absence of dicarbonyl compounds, the mononuclear
macrocyclic complex [Ba81][CI04h separated out. The mechanism proposed in Figure 26
comprises two transaminations, one intermolecular and one intramolecular.
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82
+
+
81
Figure 26 Transaminations to form mononuclear complex
2.3 Schiff base Macrocycles: Phenolic framework
2.3.1 [1+1J Template condensation
One of the first attempts to prepare a Schiff Base macrocyc1e with a phenolic framework was
reported by D. N. Reinhoudt and co-workers.l'" who were particularly interested in the
complexation of poly functional organic guest species of biological and industrial
importance, such as urea. They decided to complex both urea and a metal cation together in
a macrocyc1ic cavity, in such a way that the metal ion is bound both to the urea carbonyl
OXygenand to the macrocyc1e. Their synthetic pathway to prepare a few new Schiff base
moiety macrocyc1es 85 a-e is outlined in Figure 27.
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XOH
~ OH
CHO OHC
Q-CH Ha-9
o 8a2+ 0Co o-f 2 CI04'
\_+J n a: n= 1
l b: n=2
c: n = 3
d: n=4
e: n= 5
84 85
Figure 27 Synthetic scheme
They treated a solution of the mononuclear barium perchlorate complexes 85 a-e in
methanol, with a solution of nickel acetate in methanol to give the heterobinuclear
complexes 86. The complexes 86 c-e were subsequently decomplexed by reaction with
guanidinium sulphate in H20/CHCh to form the desired mononuclear complexes 87 c-e.
The barium ion precipitated as barium sulphate.
Ni(OAca
MaOH
85 c-e 86 c-e
n= 3 - 5 n = 3 - 5
n = 3 - 5
87 c-e
Complexation of the Schiff Base moiety with Ni2+had a considerable influence on the IH
NMR spectrum. In the mononuclear complex 87 c the hydroxyl proton was not observed,
indicating that deprotonation of the phenolic hydroxyl groups had taken place. The CH=N
protons shifted from () 8.91 ppm in the barium complex 85 c to 8.57 ppm in the nickel
complex 87 c as a result of the absence of Ba2+ion in the polyether cavity and the
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deprotonation of the phenolic hydroxyl groups. In the mononuclear nickel complex 87 c the
CH=N proton is shifted to higher field than in the corresponding free macrocycle, because
the negative charge of the deprotonated phenolic groups is delocalised through the
conjugated system to render the CH=N bond more electron rich than in the uncomplexed
macrocycle. In the nickel complex, conjugation is possible, because the Schiff base moiety
most probably assumes an almost planar conformation.
The authors thought it could be possible to induce a co-ordination of the nickel ion in the
Schiff base cavity by co-ordination with urea.!30 Interestingly, an X-ray crystal structure
determination showed that a 1:1 complex of urea and the nickel complex 87 e had been
formed. However the urea did not complex within the cavity of the macrocycle in an
encapsulated fashion or coordinated to the nickel ion. Instead three crystallographic ally
equivalent urea molecules were hydrogen bonded to each macrocycle. One urea was
coordinated to the polyether moiety in a perching fashion, with one NH2 group forming two
hydrogen bonds, and the other NH2 group forming one hydrogen bond. A second urea
formed a bifurcated hydrogen bond with one of the NH protons to two oxygen atoms,
whereas the third interaction involves short contacts of an urea oxygen with both an aromatic
and an imine proton. Each urea molecule was involved in all three of the above mentioned
interactions.
2.3.2 [2+2J Condensation
2.3.2.1 Template synthesis
The complexes of macrocyclic ligands obtained in [2+2] cyclocondensation of 2,6-
diformylphenols with diamines in the presence of metal ions have attracted a great deal of
attention in recent years. There is also a continued interest in synthesising macro cyclic
complexes oflanthanides because of their potential applications in fundamental and applied
sciences.!3! J. Lisowski et al. !32synthesised the new lanthanide complex 88 derived from
the [2+2] condensation between 1,3-diamino-2-hydroxypropane and 2,6-diformylphenol in
presence of lanthanide salts.
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88
They proposed the potentially binucleating N404 ligand provides a N203 donor set for the
lanthanide (III) ions. The complexes possess another protonated N203 site that is potentially
available for complexation of second metal ion.
The first examples ofhomodinuclear lanthanide (III) macrocyclic complexes have been
reported133 for 89. Homo- and heterodinuclear lanthanide (III) complexes of90 have also
been studied in detail.134 D. S. Kumar et al. 135 reported the synthesis ofhomodinuclear
lanthanide complexes of91 and 92.
89 90 91 92
These macrocycles proved to be good ligand systems allowing the properties of dinuclear
lanthanide (III) complexes to be studied. The presence of aliphatic backbone 92 increases
the flexibility and the adaptability of macro cycles towards lanthanide (III) cations.
Recently the interest in investigating the [2+2] cyclocondensation between 2,6-di-formyl-4-
substituted phenolates and polyamines with pendant arms has grown. There are many
synthetic possibilities, which allow the preparation of pendant arm Schiff base macrocycles
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and their metal complexes. These can be used to model the active centre of metalloenzymes
and metalloproteins.P" Q. Zeng et al. 137 reported on the crystal structure of a dinuclear
cadmium (II) complex of a pendant-arm macrocyclic ligand and an unexpected mononuclear
iron (III) complex of a macrocyclic ligand with an aminal ring obtained by Fe induced ring
contraction. The synthetic approach for the two complexes is shown in Figure 28.
A
MIIN OH N:I
\ Cl, /'N
NH::a F3+ HN/ HO
"'-.-N -~
~ ~
94 Cl
Figure 28 The template reaction of sodium 2,6-diforrnyl-4-substituted phenolate and
N,N-bis[N'-(salicylicdene)ethylimino]-N-methylphenolicarnine 3 HCI, followed by in
situ transmetallation of metal perchlorates
The cadmium (II) complex has the expected structure, but the iron (III) complex has a
structure with a ring contraction and group elimination. It is assumed that the driving force
for the formation of the resulting macrocycles may be linked with the oxidation state of the
transition metal used and the matching between the cation size and the macrocycle hole.
2.3.2.2 Non-template synthesis
The [2+2] condensation takes place not often in a non-templated way. One example was
performed by M. A Perez et al..138 The macrocycles 100 and 101 were obtained in excellent
yields, via the synthetic scheme shown in Figure 29.
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Figure 29 Synthetic scheme
2.4 Thiophene-containing Schiff Base Macrocycles
2.4.1 [1+1J Non-template condensation
Due to the importance of many macroaromatic highly conjugated compounds consisting of
tripyrrin and imines as potential biological assays.l " D.-H. Won et aZ.140 investigated the
formation of intermediate macrocycles between macro aromatic and azamacrocycle
depending on the nature of the applied diamines. The macrocycles 102-106 contain 18 7t
electrons.
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~ ,0 ~ /,NitN 102 n=2 "OH 105 (cis)n 103 n=3 106 (trans)
104 n = 4
The authors discovered the IH-NMR chemical shifts of thiophene and p-pyrrolic protons are
affected by the length of the bridge. For example, thiophene resonance in 104 appeared at 8
6.09 ppm, while that of105 was observed at 86.47 ppm. The compound with the decreased
ring size experiences more deshielding effect than that of the longer bridged one due to
stronger anisotropic effects and the forced planarity. They all show the same degree of
conjugation.
2.4.2 [2+2J Template condensation
In the early 1990s the interest in introducing thiophenolate head units into Schiff-base
macrocycles increased. This convergence of ideas is due to many reasons. Firstly, the
possibility of comparing and contrasting the new generation of thiophenolate macrocyclic
complexes with the analogous, extensively studied, phenolate macro cyclic complexes was
very attractive. Secondly, added impetus to better understand and control thiolate
coordination chemistry has come from the considerable interest in thiolate-bridged metal
active sites in biology (for example the eUA site in cytochrome c oxidase.l'" the active site of
[NiFe j-hydrogenase'Y and more recently the active site of Fe-only hydrogenase ).143 Brooker
and co-workers'f" 145, 146 reported the full details of the synthesis, characterisation and rich
redox properties of the nickel (II) complex of 107, as well as that of the very similar dinickel
(II) complex of the tert-butyl analogue 108.
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107 108
The structures of the nickel (II) complexes of107, as PF6- and CI04- salts, respectively, show
a main difference from the analogous phenolate complexes, that is the thiophenolate
complex [Ni(107)]2+ is puckered in dramatic contrast to the flat structures of the phenolate
analogues.
2.S Furan-containing Schiff Base Macrocycles
2.5.1 [1+1J Template condensation
In spite of growing interest in mixed donor macrocyclic ligands, macrocyclic Schiff bases
with a heteroaromatic unit (other than the pyridine nucleus) have received less attention.
Some fairly interesting examples of novel-type macrocyclic Schiff bases 109-113 containing
both a 2,2-di(2-furyl) unit and a side chain were synthesised by W. Minghu et al. by template
condensation.147
~2ao. 109 R= C4Hg
0 110 C5Hll
~ 8a2+ Nt;
0-0 ~ 0-0 111 CH2CH2OCH3112 CH2CH2OC2H5GNJ - 113 CH2CH2OC4H9
The barium ions of the complexes were easily removed with sodium sulphate solution to
generate the corresponding free ligands. The nature of these complexes was deduced from
elemental analysis, IR, IH-NMR and MS spectra. Each matched the structure proposed
above.
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2.6 Schiff base Macrocycles with ortho- and meta-xylyl bridge units
2.6.1 [2+2} Non-template condensation
In an effort better to understand the structure and the reactivity of the tyrosinase enzyme,
which contains two strongly interacting copper atoms,148many studies have been directed
towards synthesising small-molecule model compounds with a similar motif.149 Dinuclear
copper (I) complexes ofmacrocyc1ic ligands with xylyl bridging units, which react with
dioxygen under hydroxylation of the aromatic ring form a family of successful model
compounds for tyrosinase-type reactivity.P" In the wake of these results, P. Comba et al.151
reported the synthesis of the macrocyc1ic ligands 114 and 115, from a [2+2] dipodal non-
template condensation of tere- or isophthalaldehyde and 3-azapentane-l ,5-diamine.
114 115
The complexes of 114 and 115 with two Cu (I) each are made reacting these macrocyc1es
with [Cu(NCMe)]'Cl04 under nitrogen atmosphere.
The crystallographic analysis confirms the co-ordination of 114 to two copper (I) ions. In
addition, an acetonitrile molecule is co-ordinated to each of the copper (I) centres,
completing a severely distorted tetrahedral geometry. The two perchlorate ions do not
interact with the metal centres. The separation between the two copper (I) atoms is 7.04 A.
The two benzene rings of the macrocyc1e 114 are nearly coplanar and lie in the plane of the
four imine donor atoms. Furthermore it has been discovered that the two isomers [Cu2114]2+
and [Cu2115]2+have markedly different reactivies towards dioxygen. While [Cu2114]2+ is
oxygen stable, [Cu2115]2+mimics tyrosinase. Its reaction with dioxygen leads to
hydroxylation of one of the meta-phenylene links.
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2.7 Schiff Base Macrocycles with different building blocks
2.7.1 [1+1J Non-template condensation
A novel macro cyclic Schiffbase derivative with 1,10-phenanthroline bridge has been
prepared by F. Lam et al., 152 in the attempt to enhance the robustness of the ligand towards
degradation. The synthetic pathway is shown in Figure 30.
O°C
2h
1. u, Et20. reflux. 1h
2. 1.10-phenanthroline. 35-40oC. 48 h
3. Mn02. 2 h
116 117 118
210°C 3 h
TFA. HMTAPyridine! HCI
100°C 6 h
Br Br
119 120
120
EtOH! H20! CHCI3
K2C03• nBu4NBr
reflux 3 h
121
Figure 30 Synthetic scheme
2.7.2 [2+2J Template condensation
Despite the progress made in the last twenty years, the synthesis of macro cyclic hosts
containing converging hydroxy groups is still relatively unexplored. In 1985 W. Moneta et
al.153designed new host molecules 122, 123 and 124, which present the following features:
(i) for each diastereoisomer, the whole size of the cavity is controlled by the building block
Z, and the topology of the binding sites is well-defined; (ii) the host molecule provides an
59
Chapter 2 2. Schiff Base Macrocycles: a review
exohydrophobic and an endohydrophilic character. This is the opposite of the cyclodextrins,
which contain inverted exohydrophilic and endohydrophobic sites.
-~~N-
123 -(CH2h.
According to Corey-Pauling-Koltun molecular models of 122-124, the aryl groups cannot
rotate around the biaryl axis if the two ortho OH groups must pass one another. However,
molecular models of 122, 123 suggest that the size of the central cavity is sufficient for one
aryl to rotate 1800 with respect to the other, with only ortho H and OH groups having to pass
one another for stereoisomer interconversion. Molecular models of 124 indicate that the aryl
groups cannot rotate 1800 relative to one another in any possible way. A mixture of
stereoisomers is produced in the synthesis of 122 and 123 as shown by the broad melting
range of the material. In the synthesis of 124 only one isomer is obtained.
Salen-dimers with a novel calixarene-like structure have been reported by Z. Li et al.,154 in
the search of a new class of chiral macrocycles. The macro cycles reported are simple chiral
salen dimers, which contain two tetradentatemetal binding sites coupled by one- or four-
atom linking groups, which determine ring size. The 26- or 32-membered salen macro cycles
129 and 130 were synthesised by template-induced cyclisation (Figure 31) of (is, 2S)-
cyclohexane-l,2-diamine and an appropiate dialdehyde 127 a-d or 128. Three products,
identified as the dimer 129 d (mlz 893), along with the corresponding trimer (mlz 1339) and
tetramer, were isolated from condensation of dialdehyde 127 d and (iS, 2S)-cyclohexane-
1,2-diamine. Two major products were obtained from cyclisation of 127 a-c with the (is,
2S)-cyclohexane-l,2-diamine. The higher TLC Rr product in each case was confirmed to be
macrocyclic dimer 129 a-c (mlz 668, 725, 837). The relatively simple and similar IH-NMR
spectra of the dimer and the corresponding trimer or tetramer suggested a highly symmetric
structure. 13C-NMR revealed seven low field signals; one peak can be assigned to the four
equivalent imine C=N carbons and the other six to the twenty-four aromatic carbons of 129
a-d.
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~R
H U ~)o*H _q:H 0
125 1/ 'i:( -
HO / _ X ~ h OH
OH 0 ~ R R a X=CH2.R=H
./ H ii. iii ( - 128) 127 a-d b X .. CH2• R= Me
/./ c X = CH2•R = i-Pr
d X = CH2• R = I-Bu
OH 128
126
129 a-d a X =CH2•R .. H
b X" CH2•R .. Me
c X = CH2•R .. i-Pr
d X = CH2•R .. i-Bu
Figure 31 Reagents and conditions: i. (CH20h, H2S04, AcOH, 70°C; ii. NaH, (TsOCH2h;
iii. HCl; iv. (IS, 2S)-cyclohexane-l,2-diamine, Ba(Cl04h, MeOH-THF
Consistent with overall D2 symmetry, four 129 a, five 129 b or six 129 c, d high field 13C_
NMR signals were observed for the remaining carbons atoms. A single crystal129 a . DMF
confirms the symmetric structure inferred from the solution spectroscopy. The four benzene
rings of 129 a . DMF form a well-defined cavity and adopt a 1,3-dialtemate conformation
with a striking calixarene-like stucture. The two opposing face-to-face benzene rings are
nearly coplanar and lie 7.57 A apart. As a consequence of the preferred 1,3-dialtemate
conformation, the hydroxy groups are twisted away from the "salen" plane so that hydrogen-
bonding between adjacent OH groups is precluded.
In contrast, the ambient temperature IH-NMR spectrum (500 MHz) of the 32-membered
salen macrocycle 130 showed four imine signals in a ratio 2:4:8:30 which were assigned to
four slowly-interconverting conformers. IH-NMR and mass spectral evidence were
consistent with the dimeric structure 130. 13C-NMR showed two imine carbon signals in an
approximate ratio 10:30 corresponding to the two most stable conformers. Eleven pairs of
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l3C resonances for the two major conformers, assigned as the D2 symmetric 1,3-alternate and
C2 symmetric alternate conformers in slow exchange, were observed. Although a maximum
of eleven l3C resonances are expected for the D2 symmetric 1,3-alternate conformation, the
1,2-alternate or any of the remaining conformations should show a total of 22 resonances.
The authors concluded that some degree of flexibility, made possible by the ethylene glycol
links, establishes a second, time-average C2 axis. Warming to 55°C results in collapse of the
two l3C imine resonances into a single peak, possibly as a result of 1,3-alternate/ 1,2-
alternate exchange, which becomes fast on the NMR time scale.
2.7.3 [2+2J Non-template condensation
Inorder to selectively obtain a desired Schiff-base macro cycle, various researchers have
focused mainly on the templated-assisted synthesis. One of the few examples of non-
template synthesis was introduced by H. Houjou et al .. 155 They reported on a
hydroxybenzaldehyde that reacts with a variety of diamines to give 2:2 macrocyclic
compounds 133-138, in a good yield under relatively mild conditions. They underlined the
role of intramolecular hydrogen bonding that controls the direction of functional groups
during the cyclisation step. The synthetic procedure is shown in Figure 32.
CCCH~OH ==CCI NaH CCO~O))0iV1F1_& ICl 70DC CHO OHC _&
131
Salicylaldehyde
no solvent qJ-p'\ .
D ~ /;
220 C -
OHC OH 132 HO CHO
133 134 135
136 137 138
Figure 32 Synthetic pathway
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The mechanism of the reaction was studied in detail to confirm that the reaction selectively
affords the 2:2 compounds in a relatively concentrated solution. For p-phenylenediamine, it
was established that the major product in the early stages of the reaction was the linear imine
139. This resulted from 1:1 condensation of 132 and the diamine, suggesting that the
reaction proceeds as illustrated in Figure 33.
H
139
CHO
2
OH
OH
CHO
132 dlamlne "L-shape" Intermediate 133-138
Figure 33 Proposed mechanism
A typical1H-NMR chemical shift of the hydroxy group for 133-138 was at (5 B-14ppm,
indicating a strong H-bonding interaction between the hydroxy and imine groups by making
a pseudo six-membered ring even in solution. For 139, the corresponding IH-NMR signal
Was observed at (5 13.88 ppm, indicating similar hydrogen bonding. Such a hydrogen bond
can lock this molecule into an "L-shape" (Figure 33), and thereby prevents formation of an
intramolecular Schiff base linkage to give a 1:1 macrocyc1e. As shown in Figure 33, if two
L-shape molecules are present in high concentration, the probability of the formation of2:2
macrocyc1es will increase.
Amphiphilic receptor molecules based on the combination of non-polar rigid components
with polar binding subunits are expected to present enhanced substrate complexation abilities
due to the synergistic operation of hydrophobic and electrostatic effects.156 Following this
concept J. Jazwinski et al.157 reported an efficient, one-step access to the polyaza-macrocyles
140-143, via multiple (diamine + dialdehyde) [2+2] condensations.
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X=H 140
X= COOMe 141
z=O 142
Z = N-Tosyl 143
The structure of 140 was confirmed by single crystal X-ray diffraction. The compound was
found to be an inclusion complex containing a neutral substrate, a chloroform molecule, in
the intramolecular cavity of the receptor 140. The macrocycle exhibits C2h symmetry, with a
C2 axis passing through the middle of the CH2-CH2 bond and a mirror plane perpendicular to
it and passing through the two methylene groups. The four nitro gens are located in one
plane, which is median to the whole structure. The molecule has been described as
possessing a diamond shape and the phenyl rings are almost perpendicular (tilt angles of 83°
and 87°) to this mean plane, thus delineating a well-defined intramolecular cavity of
dimensions 12.8 A and 10.9 A from ethylene-to-ethylene and CH2-to-CH2 units respectively
with a C6H4-CH2-C6H4angle of 107°. The included chloroform molecule is located in the
centre of the macrocycle and on the same level, with one chlorine atom tucked in the comer
formed by the di-imino chain. The two other chlorines lie in the wider part of the cavity,
above and below the ring. The 3-chlorine plane makes a dihedral angle of 39° within the
ring mean plane. The shortest distances between the chloroform molecule and the walls of
the macrocycle lie in the 3.35-3.61 A range, indicating that the two species are in the van der
Waals contact (Figure 34).
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Figure 34 3-D view of the chloroform inclusion complex formed by macro cycle 140
2. 7.4[3+3J Template condensation
2,6-diacetylpyridine and 1,3-diarnino-2-hydroxypropane form macrocyclic compounds when
a metal template is used. The form and the size of the macrocycle appears to be determined
by the metal used. [2+2] and [4+4] macrocycles have been study in detail, using Ba(SCN)2,
Cu(CI04)2, PQ(CI04)2, Mn(CI04h.158, 159, 160 Fenton et al.161 examined the product of the
condensation of 2,6-diacetylpyridine with 1,3-~iamino-2-hydroxypropane in the presence of
lanthanum nitrate as a templating agent. The product is considered to be a [3+3] macrocycle
144 containing three lanthanum ions. The FAB positive ion mass spectrum is consistent
144
with a [3+3] macrocycle deprotonated on each OH site with three lanthanide ions, each
having two nitrate ions to balance the charge and one of these being lost to form the 1375
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positive ion peak detected. The pool of evidence from 1H-NMR, CHN analyses and mass
spectral data confirms that the major species is a [3+3] macrocycle with C2vsymmetry.
Shortly after their results were published, H. C. Aspinall et al.162 reported a single crystal x-
ray diffraction study of 144. They could establish the product 144 is in fact [La3144(1l3-
OH)(OH)N03)4]·7H20. The La3144 unit has approximate mirror-plane symmetry (through
La(2)) as shown in Figure 35.
Figure 35 Complex La3144
The three La atoms form an equilateral triangle of edge 4 A. The 30-atom macrocyclic ring
is made up of three planar seven-atom sections containing the pyridine rings and imine
linkages; rotation about the CH2-N and CH2-CH(O-) single bonds provide flexibility in the
macrocycle. The conformation around one of the CH2CH-(O-)CH2 chains is different from
the other two. Each lanthanum is nine co-ordinate, making five bonds to the macrocycle and
four to 0 atoms of Olf', N03- or H20.
2.7.5 [3+3} Non-template condensation
Despite current interest in the search for host-guest systems with a commercial impact, the
synthesis of macro cyclic molecules with rings larger than 20 atoms via a [3+3] condensation
has been neglected for many years. This disregard can be due to inherent difficulties
associated with the synthetic procedures such as low yields, restricted availability of
templates and so on.
2.7.5.1 Tris(H2saloph)macrocycle
Until 2000 there was no example of non-template [3+3] synthesis of oligo-macrocycles with
a triangular arrangement similar to that of oligorll-salen) derivatives.P" Only in 2001 S.
Akine et al. 163reported the synthesis of a triangular 30-membered macrocylic tris(H2saloph)
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derivative 145, without a template. lH-NMR and other analytical data support the structure
of145. It has been determined to be a 3:3 macrocyc1e by X-ray crystallographic analysis.
n-BuLi CHO
TMEDA ¢:o~ccoMe diethyl ether BBr3h dichloromethane
OMe ii DMF, H2O
OMe
CHO
H2O
¢:CHOO.& OH
CHO
145
Compound 145 proved to have a triangular shape with three apexes of the phenylendiamine
moieties. Each hydroxyl group points to a nitrogen atom of the imine moieties with O-N
distance of ca. 2.6 A, indicating existence of a strong intramolecular hydrogen-bond
network.
2.7.5.2 Efficient [3+3J condensation of(lR, 2R) or (lS, 2S)-cyclohexane-l,2-diamine with
dialdehydes
J. Gawronski et al. 164 were first to study in detail the [3+3] condensation of (1R, 2R)-
cyc1ohexane-l ,2-diamine with terephtalaldehyde and isophthalaldehyde. The products
isolated were 146 and 147.
(2R,3R, 12R, 13R, 22R, 23R)-146
A
~NI ~""'~<.«: ')RI
'N J
1
~N N-e
(2R,3R, 11R, 12R, 20R, 21R)-147
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Structure determination of 146 was straightforward. All the analyses performed clearly
indicate the presence of the triangular macrocycle (C14H16N2k The MS gave the molecular
ion, mlz 636, corresponding to the trimeric structure. The IH-NMR spectrum consisted of
two sharp singlets at 88.14 ppm and 7.52 ppm corresponding to the resonances of the
azomethine and the aromatic protons, respectively, as well as three multiplets at 8 3.37 ppm,
1.80 ppm, and 1.48 ppm, due to the cyclohexane resonances. The positions of the signals of
aromatic protons are apparently averaged out by the rapid exchange due to the low barrier of
rotation of the l,4-disubstituted benzene rings. Accordingly, the J3C-NMR spectrum was
made up of six peaks. These resonance signals are fully compatible with the D3 symmetry
structure. The IR spectrum displayed a strong band at v 1642 cm", which is accounted by
the stretching of the C=N bond.
The IH-NMR of147 is more complex. The aromatic region of the IH-NMR spectrum at +
20°C consists of one singlet (Ha), one triplet (He), and a broad singlet of the two protons (H,
and H;-), which are nonisochronous due to the different conformations of the imine
substituents (Figure 36).
"N~H
H Ha N
';/
Figure 36 IH aromatic protons
This broad signal forms a pair of sharp doublets at - 60°C. The exchange of the H, and Hb'
protons is slow at ambient temperature, as it would require coordinated bond rotations
around the macrocycle 147.
The X-ray crystal structure determination of 146 has been carried out, as well. Significant
differences between chemically equivalent fragments of the (formally) Dr-symmetric
macrocycle can be noted. The departure from the D3 symmetry may be due to
intermolecular interactions in the crystal lattice, as each of the fragments has a different
environment in the monoclinic structure. This effect is enhanced by the formation of
molecular complex 146 with the low-symmetry AcOEt molecule (solvent of
recrystallisation). The guest molecule only partly penetrates the macrocyclic cavity and
assumes a clearly asymmetric position relative to the macrocycle. The Dj-symmetric model
of the isolated molecule of146 obtained from the NMR results, indicates that the symmetry
lowering of the macrocycle in the crystalline state is not induced by intramolecular strain.
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Simultaneously with the publication of these results and in the course of this thesis, Czech
authors165 reported their study on the reaction of the enantiopure as well as the racemic form
of the (1R, 2R)- and (is, 2S)-cyclohexane-l,2-diamine with terephthalaldehyde. They
established that under a variety of reaction conditions, the individual enantiopure diamines
(1R, 2R)- and (is, 2S)-cyclohexane-l,2-diamine afforded the [3+3]-cyclocondensed products
(2R,3R, 12R, 13R, 22R, 23R)-146 and (2S, 3S, 12S, 13S, 22S, 23S)-147.
(25,3S, 12S, 13S, 22S, 23S).146
A crystal of (2R, 3R, 12R, 13R, 22R, 23R)-146 suitable for X-ray diffraction analysis was
grown from an acetonitrile-dichloromethane solution. The molecular structure, determined
by X-ray crystallography, unambiguously established the expected features of the molecular
triangle. The crystal packing of the molecular triangles was of particular interest. The
triangles stack in an eclipsed manner along the crystallographic b-axis, giving rise to infinite
microporous pillars (columns). The differences between the former results and the latter can
be due to the presence of solvent molecules within the macrocycle in the Gawronski's
structure. Under particular crystallisation conditions (co-crystallisation of the 1:1 mixture of
the (2R, 3R, 12R, 13R, 22R, 23R)-146 and (2S, 3S, 12S, 13S, 22S, 23S)-146) the formation of
the diastereomeric pair (2R, 3R, 12R, HR, 22S, 23S)-148 and (2S, 3S, 12S, 13S, 22R, 23R)-
148 was observed, containing both (1R, 2R)- and (1S, 2S)-cyclohexane-l,2-diamine units in
each molecular triangle.
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(2R,3R, 12R, 13R, 225, 235)-148 (25,35,125, 135, 22R, 23R)-148
The same diatereomeric pairs (148) were obtained with the cyclocondensation with the
racemic (1R, 2R)- and (1S, 2S)-cyclohexane-l,2-diamine. This enhanced the complexity of
the spectra. In addition to the signals corresponding to the enantiomeric pair 146, these
spectra contain an additional set of signals that can be attribute to the diastereomer 148. The
lower symmetry of the triangle 148 (C2 symmetry) accounts for three signals for N=C-H as
well as for the aromatic protons in the IH-NMR spectrum instead of one signal found for the
diastereomer 146. In summary, two distinct diastereomers of the molecular triangle 146 and
148, differing by symmetry (D3 versus C2) and also by the propensity to columnar stacking
in the solid state, have been found to arise from the homochiral and racemic forms of the
starting 1,2-diaminocyclohexane. The authors have also concluded that a conversion 146 to
148 can be possible from the crystallisation of the racemate 146.
A similar [3+3] condensed and optically active hexaimine triphenolic Schiff base macrocycle
149 was prepared for the first time by S. Koropoju et al..166 The ligand 149 was treated with
3d metal ions (Zn, Cu, Ni, Co, Fe and Mn); these attempts resulted in [2+2] condensed
dinuclear macrocyclic complexes, not in the formation of trinuclear complexes, as expected.
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149
The crystal structures 150, 151, 152 demonstrate the formation of [2+2] dinuclear
macrocyclic complexes resulting from cleavage and reorganisation of the [3+3] macro cyclic
ligand 149 during complexation. The reorganisation of 149 can be attributed to the planarity
and thermodynamic stability of the [2+2] macro cyclic complex compared to that of the
trinuclear macro cyclic complexes of ligand 149. The geometry of the metal centres shows
that these macrocyclic ligands stabilise five-coordinate distorted square pyramidal geometry
around zinc and copper, whereas for nickel it stabilises four-coordinate distorted square
planar geometry.
r
150 [Zn2(I)CI21
151 [Cu2(1)(Il-OAc)]CI04·CH3CN
152 [Ni(I)]·CH3CN·CH30H
More recently Gawronski et al. reported'I" a detailed study of 149 and 153, obtained from
(JR, 2R)-cyclohexane-l,2-diamine and two different hydroxy-substituted isophthalic
aldehydes.
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153
The full characterisation of these compounds was accomplished to assure the trimeric
structure as well as ascertain the stereochemical features. The IH_NMR spectrum of149 in
CDCh shows two peaks for the imine protons at 08.67 ppm and 8.22 ppm, as well as two
signals for the aromatic protons at 07.62 ppm and 6.96 ppm, in agreement with the s-trans
conformation of the bis-amine system (Figure 37). These signals are slightly broadened at
ambient temperature. There is only one signal for the CH(N) protons in the cyclohexane
rings, and one signal for the methyl groups, indicating that the macrocycle 149 has C3-
symmetry. The authors assume a syn conformation of the imine C-Hlcyclohexane axial C-H
bond systems and s-trans conformation of the bis-imine unit.
syn
149 X = OH, y,. H
153 X = H, y .. OH
Figure 37 Partial structures of the trimeric cyclocondensation products 149 and 153
showing stereochemical features
In the case of 153 the conformation of the macrocycle can be deduced from the IH_NMR
Spectrum. There are only four singlet resonance signals corresponding to the two non-
equivalent aromatic protons and two non-equivalent imine protons, as well as only one
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methyl group signal, indicating a highly ordered Cj-symmetrical structure of the macrocycle.
nOe experiments were performed, in order to assign these signals (Figure 38).
3.3i[
NOE f:H
"~8:26 N/,ex:)
~H'
3.20 + 7.05
NOE
Figure 38 Assignment of the NOEs in 153
Irradiation of each of the methine signals at 08.01 ppm or 8.26 ppm brought about NOEs
with the vicinal proton signals, both in the cyclohexane ring and in benzene ring.
In the attempt to develop new classes of receptors Kuhnert's group168reported significant
extensions to Gawronski's basic scheme, synthesising novel exciting trianglimines.
Macrocycles 154, 155, 156, and 157 were synthesised in excellent yield.
(2R,3R, 1SR, 17R, 30R, 31RJ-154 (2R,3R, 1SR, 17R, 30R, 31R)-155
~-,.f N_5
1 4
Q~5 .
H3CO~N N~
~-/; 1 H3C: r;_ ~ OCH3
I OCH3 I
N OCH ~
d"'N+N-Q
H3CO
(2R,3R, 12R, 13R, 22R, 23RJ-157
(2R,3R, 12R, 13R, 22R, 23RJ-156
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The spectroscopic data for 154 and 155 eH and 13C_NMR)support a conformation with
perfect D3 symmetry. Interestingly the anthracene protons in 155 appear as a ABXY system
due to non-equivalence of the individual protons induced by the tilting of the anthracene
plane with respect to the opposing cyclohexane-I ,2-diamine moiety or restricted rotation
around the C-C=N bonds of the substituted anthracene moiety. The 13C-NMR spectrum of
155 shows four signals in the aromatic region for identical reasons. The IR and MS spectra
of 154 and 155 are in accordance with the proposed structure. Also for 156 and 157 the
spectra imply a D3 symmetric conformation as opposed to the alternative conformation,
which is devoid of any element of symmetry.
The same authors performed detailed studies'" on the extension of the synthetic principles
involved in the preparation of trianglimines. They have optimised the synthesis of novel
rnacrocycles 158, 159, and 160 with a unique molecular shape suitable for further
elaboration.
(2R,3R, 12R, 13R, 22R, 23R)·158 (2R, 3R, 11R, 12R, 20R,21R).159 (2R, 3R, 11R, 12R, 20R, 21R)·160
All these trianglimines display the predicted spectroscopic features, most importantly one set
ofNMR signals due to their inherent C3 or D3 symmetry, respectively, for the preferred
conformation adopted in solution. They all show the expected molecular ion in the MS
spectra. Trianglimines 159 and 160 appeared along with small amount of the [2+2]
cYc1ocondensation products 161 and 162.
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161 162
Once more this points out that the [3+3] cyc1ocondensation products are formed under
kinetic control. To verify this hypothesis solutions of 159 and 160 were heated under reflux
in dichloromethane. In both cases the [2+2] cyclocondensation products were obtained in
quantitative yields.
The same group of authors studied also the condensation between an open chain 1,2-
diamine, such as (JR, 2R)- or (JS, 2S)-1,2-diphenylethane-l,2-diamine, and
terepthalaldehyde and isopthalaldehyde.l'" They obtained two enantiomeric macrocyc1es
163 and the macrocycle 164, which could not be obtained analytically pure.
Ph Ph
PN~~-Sr; '\- I
j
N N/
Ph ""'N~N-t"Ph
Ph ~ Ph
(2R,3R, 12R, 13R, 22R, 23R)-163
Ph Ph
PN~~-Sr; '\- I"N Nt-
Ph~N~NI"" Ph
Ph ~--- Ph
(2S, 3S, 12S, 13S, 22S, 23S)-163 (2R,3R, 11R, 12S, 20R, 21R)-164 and
(2S, 3S, 11S, 12S, 20S, 21S)-164
They noted trianglimine 163 decomposes in 2 days on standing in solution in CDCi),
suggesting the trianglimine is the kinetic product of the reaction.
They also investigated the oxygen substituted trianglimines 165, 166, 167.170 Compound
165 with a 1,2-di-OMe substitution pattern displayed C3 symmetry in the NMR spectra.
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(25,35, 185, 195,345,355)-167
NMR spectra of167 are worthy of mention. The IH and 13C-NMR spectra show two distinct
sets of signals in a ratio 2: 1. Each set stands for a full set of signals representing a biphenyl
moiety and a 1,2-cyc1ohexanediimine moiety. The lines do not broaden in a high
temperature IH-NMR spectrum at 100°C in d6-DMSO. The MS mass spectrum reveals only
a single molecular mass mlz at 1130. Consequently the authors proposed the trianglimine
167 must adopt two distinct highly symmetrical conformation in solution, which interconvert
slowly on the NMR-time scale. They assigned the two conformers as diastereomeric
structures all-(SaJ-167 and all-(RaJ-167 as indicated in Figure 39.
OMe
11
Figure 39 Probable conformers of 167
76
Chapter 2 2. Schiff Base Macrocycles: a review
The last trianglimines that have been synthesised were the heterocyclic trianglimines 168 and
169, both in excellent yields.170
(2R,3R, 13R, 14R, 24R, 25R)-168 (2R, 3R, 12R, 13R, 22R, 23R)-169
77
Chapter 3
Spectroscopic Methods in the
Determination of
Host-Guest Interactions
Chapter 3 3. Spectroscopic Methods in the Host-Guest Interactions
3. Molecular Recognition
Molecular recognition plays a major role in modem day chemistry. Inview of the importance
of association constants (Kass) for the communication of the results in this field, it is essential
that Kass. can be quantified. When an experimental method exists that allows the
concentrations of all components under equilibrium to be determined, the calculation of the
equilibrium constant is straightforward. As a rule this is almost impossible. Fortunately, if
the concentration of at least one component can be determined, or if merely a solution
property proportional to the concentration of at least one component can be measured, the
equilibrium constant can be calculated from the changes of this property upon variation of
component concentrations.' Determination of the equilibrium constant for the simple reaction
A+B ~C
requires knowledge of the equilibrium concentrations of the species A, B and C. When A and
B are host (H) and guest (G) species that form a complex, which is held together by weak
intermolecular forces (e.g. hydrogen bonding and van der Waals forces) the equilibrium
constant is referred to as a binding constant or association constant. The species C can be
written as HoG indicating that the product has chemical characteristics, which still strongly
resemble the un-associated ("free") molecules.l"
Many different methods have been developed in the past decades to calculate the equilibrium
constant. They extend from the electrochemical methods (potentiometry, polarography,
conductometry), via the spectroscopic methods (UV and IR spectroscopy, NMR shift
titrations, mass spectrometry), to the calorimetry.
My aim here is to give a concise introduction to these methods. I have restricted my
discussion to simple 1:1 complexes. I focused particularly on the !H-NMR shift titrations and
the Electro Spray- Ionisation (ESI) Mass Spectrometry technique. The more significant and! or
recent examples have been chosen, proving that these are the most advanced techniques to
determine the binding between host and guests. Once again the similarity to the experiments I
performed, was the adopted choice method.
The equilibrium constants discussed below are the stoichiometric constants defined by
application of the mass action law to the concentrations of all components in equilibrium
under given conditions. This can be done rigorously only if the activity coefficients of all
78
Chapter 3 3. Spectroscopic Methods in the Host-Guest Interactions
components remain constant. To assure this constancy, which usually is only approximate,
one must use sufficiently diluted solutions of the interacting species, as well as maintain
constant solvent and salt composition of the reaction medium in addition to constant
temperature and pressure.
3.11H-NMR shift titrations
3.1.1 General and practical considerations with 1:1 equilibria
As mentioned above, the equilibrium constant can be measured from the concentration
dependence of any property proportional to the concentration of one of the components. Such
a property can be absorbance, fluorescence, position of a NMR signal, conductance, etc., and
the experiment performed to obtain its concentration dependence is referred to as titration.
The substantial change ofNMR shielding, which one usually observes upon formation of
host-guest complexes is the major reason why this technique has become by far the most
important method of measuring association constants. Usually the experiment consists of
holding one component at constant concentration and varying the concentration of the second
component. The association constants (Kass.) for these host-guest systems are determined by
IH-NMR titrations, in conjunction with a computer program (several computer programs are
available for the calculation of formation constants from NMR data under condition of fast
exchange).I72 In a 1:1 binding model, the observed chemical shift of a chosen proton in the
host or guest compound (8), and the association constant (Kass.) are described as follows: 173
H + G = e (3.1)
0= OH (1 - x) + Oc X where X= [C]/ [H], (3.2)
[H]t (0 - 8H) = [C] (8c - OH)* (3.3)
Ka = [C]/ [H][G] (3.4)
[H]t = [H] + [C] (3.5)
[G]t = [G] + tcr (3.6)
... [H], = 5.0 x 10·3 M and [G], varies each time in the chosen example
Where H, G, e represent the host, guest, and the complex; [H], total concentration of the host
molecule at initial state; [G]b total concentration of guest molecule at initial state; [H], [G],
[C], concentration of host, guest and complex, respectively at final state; 8H, oC, 0, chemical
shifts of host, complex and observed chemical shift, respectively; Ka, association constant,
namely at equilibrium. Equation (3.7) is derived from equations (3.4-3.6):
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[C]
Ka=
([H]t - [CD([G]t - [CD
(3.7)
([H]t + [G]t + 11Ka) -:: {([H]t + [G]t + 11Ka)2 - 4 [H]t[G]t} 112
[C] = ----------------- (3.8)
2
+1+ (3.9)
Equations (3.9) describe the titration curves (isotherms), which are hyperbolic functions of the
variable [G]tl [H]t.
For a given value of [G]tl [H], the value of 0 - OH can be determined by experiment, and thus
Kass. may be calculated from Eq. (3.9) for each Oc - OH.
In the pre-computer epoque, applying the experimental results to a theoretical equation was
most often done by means of a linear regression.f Instead oftraditionallinearisation it is
preferable to carry out a non-linear least squares curve fitting. This has become a trivial
matter through use of many commercially available programs in which one only has to insert
the original hyperbolic equation, and which not only calculate the values of the parameters,
but also visualise the results of calculation graphically by fitting curves.
3.1.2 Complexes with stoichiometries other than 1:1
The presence of higher complexes such as H2G is often overlooked. Only if data accumulated
between 20% to at least 80% complexation show no systematic deviation from fit to the 1:1
model, calculations models with higher stoichiometries make no sense.
A traditional way to distinguish between different stoichiometries is the method of continuous
variations (the so-called Job method). In this method one prepares a series of mixed Hand G
solutions of a constant total concentration [H], + [G]t but with variable ratios [H],' [G], and
measures a chosen property of these solutions (for example 0 - OH), which is plotted as a
function of a "mole fraction" fH = [HV ([G]t + [Hj.). The presence of an extreme (a maximum
or a minimum) is indicative of an interaction between the components affording a complex of
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composition GnHm and the value of fH at the extreme (fextr) is related to the complexation
stoichiometry, according to equation (3.10):
min =!extr/ (1 - !extr) (3.10)
For example, a minimum at !extr. = 0.5 indicates a complex, for which ml n = 1. It should be
noted that the method gives only the ratio of the stoichiometric coefficients and that such a
complex can be either 1:1 or 2:2 or of higher stoichiometry.
3.1.3 Significant examples
One of the first examples of 1H-NMR titration was performed by A. Spisni et al ..174 Titration
experiments were carried out to detect the sites where possible binding interactions between
the ligand 170 and the enantiomers (8)- and (R)-methyl (171) and (8)- and (R)-n-butyl TFA-
phenylalaninate (172) take place.
171 R = CH3
172 R = C4Hg
They reported evident changes in local magnetic environments, especially for the amide
protons of 170, H3 and H5, indicative of binding interactions with the enantiomers. In the
presence of (S)-I71, both H3 and H5 protons of the ligand 170 experience a downfield shift
(0.026 and 0.048 ppm, respectively), whereas in the presence of (R)-171 they undergo a very
weak shift (0.009 and -0.013 ppm, respectively). Analogous results were obtained upon
titration with (S)-172 (0.033 and 0.060 ppm) and (R)-172 (0.018 and 0.005). The authors'
conclusions are that the enantiomeric separation of methyl and n-butyl (R, 8)-TFA-
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phenylalaninate on the chiral phase 170 may be substantiated by direct spectroscopic
evidence.
T. Kelly et al. 175 studied in detail the behaviour of mono urea 173 and bisurea 174 as binding
partners towards different substrates. A partial analysis of the effects of three solvents,
CDCh, DMSO, and CCl4 on binding affinity has been included.
173
~
O~N'H H~N~O
/N, ~N,
n-Bu H H n-Bu
174
The binding constants for some substrates with 173 are shown in Table 7. The initial use of a
relative nonpolar solvent such as CDCh was intended to favour hydrogen bonding and
electrostatic interactions, but the insolubility of some of the anionic substrates required the use
of a more polar solvent (DMSO).
175
Solvent Kass. (M-i)
CDCh Binding not detected
DMSO Binding not detected
CCI4 180
CDCI3 13
DMSO Binding not detected
CCI4 330
CDCI3 Not soluble
DMSO 13
CDCI3 Not soluble
DMSO 27
CDCI3 Not soluble
DMSO 140
CDCI3 1300
DMSO 150
CDCh Not soluble
DMSO 2500
CDCI3 Not soluble
DMSO 3600
DMSO 163
DMSO 160
Substrate
176
177
178
179
180
181
182
183
184
Table 7 Binding of 173 with various substrates
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The values of the association constants (Kass) correlate relatively well with the net charge on
the substrate. Thus, in DMSO, all of the anionic species bind more tightly as compared with
their neutral counterparts. But in contrast to lactone 176, nitrobenzene does not significantly
bind to 173, even in CDCh, despite the much greater concentration of negative charge on the
oxygens in nitrobenzene compared to lactone 176.
The superiority of deuterated chloroform over carbon tetrachloride as a NMR solvent and the
present ubiquity of deuterium-lock NMR spectrometers have made CDCh the standard solvent
when using NMR techniques to measure binding affinities of hydrogen bonding partners in a
relatively non-polar medium. Earlier workers who toiled without the benefit ofNMR
regarded CCl4 as superior to CHCh since hydrogen bonding interactions are stronger in CCl4
because CHCh can compete as a hydrogen bond partner. Accordingly, the binding of
nitrobenzene 175 and urea 173 was assayed in CCl4. In contrast with CDCh, in CCl4
substantial binding (Kass. = 180 M-I) is observed. Thus, in the absence of a competing solvent,
the nitro group does function effectively as a hydrogen bond partner. Similarly, urea 173
binds lactone 176 with considerably higher affinity in CCl4 than in CDCh.
The binding ofbisurea 174 with various ditopic partners 180, 183, 184, and 185-190 in d6-
DMSO was also examined (Table 8). In a different way from what was expected, m-
dinitrobenzene 185 exhibited no evidence of binding to 174. That binding does not occur
despite the possibility for forming four N-H···O hydrogen bonds demonstrates clearly how
poor nitro groups are as intermolecular hydrogen bond acceptors in solution. It also suggests
that the forces that operate to orient molecules in crystals designed to involve nitro groups in
hydrogen bonding are relatively weak, even though they are adequate for imposing order in
the crystalline state.
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Substrate Kass. (M-i)
180 104
183 86
184 87
185 No binding observed
186 63000
187 745
188 30
189 34000
190 Receptor 174 decomposes
Table 8 Binding of 174 with variuos substrates in DMSO
185 186 187
o 0
II II/S'(}S-...0/1 '-':: 1'0
0[0e ~ e
o 0
ell II eP p.0/10\'-.0
OH [ OH
~
188 189 190
Two experiments were undertaken to ensure that the failure of 174 to bind 185 was not due to
either misdesign or the possibility that binding was occurring but the instruments were unable
to detect it. Substitution ofisophthalate 186 for 185 results in a very tightly bound complex.
On the other hand, the replacement of one of the carboxylate residues in isophthalate with a
nitro group results in a reduction of binding affinity even below that of mono topic benzoate.
The remaining ditopic substrates tabulated in Table 8 exhibit binding constants with bisurea
174 qualitatively in agreement with the affinities given in Table 7, although the binding of
disulphonate 188 is a little lower than what one might expect on the basis ofKass. = 13 for
benzensulphonate 177 with urea 173. The authors argued perhaps the diminished binding of
188 reflects the consequences of an imperfect fit with a receptor 174 that is quite rigid and not
able to adopt a geometry more complementary to 188.
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R.-J. Schneider et al. 176performed a very intriguing study on the complexation of aliphatic
monohydroxy compounds 191 -194, and oftrans-l,2-cyc1ohexanedioI195 with a variety of
aromatic and halide anions 196 - 201.
OH
/z p
P
~OH
OH
195191 192 193 194
196a R=TDA:
196 b R = eTA 197 198
199
200 a R = n-butyl
200 b R = n-decyl 201
• TDA .. tetradecyl ammonium
eTA = hexadecyltrimethyl ammonium
They showed for the first time that almost all OR signals can be used routinely for the
evaluation of equilibrium constants Kass. and complexation induced shifts (CIS values) by 1H_
NMR titrations in CDCh.
The monohydroxyderivatives 191-194 provided data for the weak donor capacities of single
OR groups compared to the vicinal diols, as well as for the difference between primary and
secondary OH groups (Table 9).
Alcohol Anionic Proton Kass. (M-i) CIS (ppm)"
Acceptor
191 199 OH 17 4.60
191 200a OH 3.6 4.40
192 197 OH 10.7 2.43
193b 197 a-CH 0.9 -0.34
P-CH2 0.9 -0.19
P-CH2
, 0.9 -0.18
194b 197 a-CH 1.2 -0.24
p-CH3 1.3 -0.18
Table 9 Association of selected anionic acceptors with mono hydroxy compounds 191-194
a CIS: positive values = deshielding; negative values = shielding.
b the OH signal disappeared after the first addition and could not be used.
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The results showed a tenfold increase in the equilibrium constant when comparing primary
and secondary alcohols.
Dio1195, containing gauche vicinal OH groups as the most frequent structural motif in
carbohydrates, was used to test the ability of many different anions to act as acceptors (Table
10).
Anionic Proton Kass. (M-i) CIS (ppm)"
Acceptors
196a OH 5.4 2.93
P-CH 6.8 -0.11
196b OH 5.3 6.48
P-CH 5.8 -0.17
197 OH 19.4 5.62
P-CH 13.0 -0.13
p-CH' 15.6 -0.17
198 OH 31.3 2.87
P-CH 32.9 -0.10
p-CH' 47.0 -0.09
199 OH 34 2.44
200a OH 11 2.45
200b OH 9.3 2.67
201 OH 3.6 1.83
Table 10 Association of anionic acceptors 196-201 with 1,2-trans-cyclohexanedioI195
a CIS: positive values = deshielding; negative values = shielding.
With reference to Table 10 the reason for the almost twenty fold increase in the association
found for the dio1195 in comparison to the monohydroxy derivatives might be seen in the
acidity of a proton, which is already involved in the well known intramolecular hydrogen
bond.
In the last few years the importance of the analytical resolution of racemic mixtures has
enormously grown. For this purpose, a large number of chiral stationary phases for liquid and
gas chromatography have been designed, which show high efficiency in enantiomeric
discrimination. In this contex, F. Peri et ai.m designed and synthesised different selective
86
Chapter 3 3. Spectroscopic Methods in the Host-Guest Interactions
receptors 202-205 with variations in their mobility and length of aromatic templates. Titration
experiments for 202-205 with N-TFA-D,L-Phe Me esters 206 have been performed.
202
205
o
L-206 0-206
During the lR..NMR titrations ofligands 202-205 with N-trifluoroacetyl phenylalanine methyl
ester, the protons of tert-butyl amide moiety of chiral arms were shifted downfield when the
substrates were added. The downfield shift was an indication of the involvement of these
protons in hydrogen bond formation with amino acidic substrates. Qualitative indications
from the IH-NMR titration experiments showed curves of203 with D- and L-N-TFA-Phe Me
esters presented the largest gap in the ~8 values of two enantiomers whereas curves of ligand
205 with the same substrates presented the lowest separation among all ligands.
Also water-soluble calix[ 4]arene receptors 207-211 have been investigated in their ability to
include several neutral molecules, such as methanol (MeOH), ethanol (EtOH), n-propanol
(PrOH), acetone (DMK), butanone (MEK), and acetonitrile (MeCN) within the macrocyclic
cavity.178
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207 Z = S03H, R1• R2 = H
208 Z = S03H, R1• R2 = CH2COOH
209 Z = H, R1• R2 = CH2COOH
210 Z = S03H, R1 = H, R2 = CH2CH2COOEt
211 Z = S03H, R1• R2 = CH2CH2COOEt
Taking the complexation of PrOH with host 208 as an example, it has been showed that, upon
inclusion, the guest protons experienced an upfield shift that followed the order CH3> CH2>
CHrOH, thus indicating that the aliphatic moiety of the guest was selectively included into
the cavity of208, while the OH group faced the sulphonate groups and the water molecules.
The binding constants were obtained as well by analysing the IH-NMR titration data using a
non-linear least-squares fitting procedure (Table 11).
Complex logK Complex logK
207-MeCN 1.2 209-MeCN 1.6
207-DMK 1.7 209-DMK NDla
207-MEK 1.8 209-MEK NDla
207-EtOH 1.5 209-EtOH NDla
207-PrOH 1.5 209-PrOH NDla
208-MeCN 1.4 210-MeCN NDla
208-DMK 1.5 210-DMK 1.2
208-MEK 1.7 210-MEK 1.2
208-EtOH 1.8 210-EtOH 1.0
208-PrOH 1.8 210-PrOH 1.0
Table 11 log K values of complex formation of acetonitrile (MeCN), acetone (DMK), butanone (MEK), ethanol
EtOH), and propanol (PrOH) with 207,208,209, 210b (pD = 7.3; 25°C in D20)
a NDI = no detectable inclusion
b No complexation is observed for 211
The analysis of the data in Table 11 revealed some interesting results. For instance MeOH
was not complexed by hosts 207-211. Itwas suggested that the complexation of methanol is
dis favoured because inclusion of small methyl group inside the hydrophobic cavity would lead
to a partial inclusion of the polar OH group, which would cause the polar hydroxyl group to be
less exposed to the polar solvent.
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Sulphonated calix[ 4]arenes 207 and 208 were able to complex the investigated guests,
whereas compound 209, which lacked the sulphonated group at the upper rim, showed no
complexation ability, with the exception of acetonitrile as a guest. This result confirmed the
importance of charge assistance in the apolar binding of guests inside calixarene cavities. The
results obtained with acetonitrile and host 209 could be explained considering this guest was
probably less solvated in water and could undergo apolar complexation even without the
assistance of the charge at the upper rim. Host 208, fixed in the cone conformation, was more
efficient for EtOH and PrOH whereas the conformationally mobile compound 207 showed a
better binding for acetone and 2-butanone. These data clearly showed the inclusion
capabilities of the investigated hosts are strictly correlated with their conformational
properties.
Host 210 was the least efficient and selective among the receptors investigated. In fact, owing
to the lower rim difunctionalisation, this compound was blocked in a C2v conformation, which
rendered the cavity less accessible.
J.-F. Briere et al.179 synthesised of the host molecule 212 and using lH-NMR titration method
studied its binding with some acids and amines.
o
212
They noticed that, while increasing the concentration of the guest, the signals of the two NH
groups of212 were shifted down field until saturation was achieved (for the carboxamide NH,
these saturations occurred at 8 10.9 ppm in the case of acetic acid and 8 11.5 ppm for benzoic
acid.). The complex stoichiometry (determined by Job's plot method) was shown to be 1:1.
To calculate the association constants, they decided to use the observed shifts for the signal
corresponding to H 12, as this is not involved in self association of the host (no shift was
observed with dilution of the host without guest). Good values of Kass. were obtained (Table
12). These results were compared with Kass. values of213 and 214 with the same guests.
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Guest Kass. (M-I) with 212 Kass. (M-I) with 213 or 214
Acetic acid 305 80a
Benzoic acid 240 230a
Benzyl-amine 470 42b
4-Aminomethylpyridine 190 250b
n-propylamine 45
Table 12 Association constants of212 with acids and amines
a binding with 2-acetamidopyridine 213
bbinding with 214
~
Y'I
~ NN N 'CH
I 3
H
213 214
For the benzoic acid, the association constants with 212 and 2-aminopyridine 213 were
similar, indicating the pyridine lone pair and the carboxamide NH are probably involved in the
binding process. However, in the case of acetic acid, the measured Kass. value was about four
fold higher for 212, showing the contribution of a supplementary interaction due to the
pyrroloisoquinoline unit. The difference between the two acids could be attributed to the
bulkiness of the phenyl ring.
In the field of molecular recognition, one of the most interesting and challenging topics is
chiral recognition. Among the available methods, NMR is the most convenient for many host-
guest combinations. The chiral recognition ability of215 towards amines has been studied by
IH-NMR titration of a mixture of215 and either the (R)- and (S)-amines in CDCh.180 The
chiral amines studied were a-methylbenzylamine 216, cis-N-benzyl-2-
aminocyclohexanemethanol 217, N-benzyl-methylbenzylamine 218, 1-(1-naphthyl)ethylamine
219 and 1-cyclohexylethylamine 220.
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H H
H3c"j(N19°~;rN'X,\cH~
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~OH
216 217
218 219 220
Two effects have been noted: first of all enantiomeric differences in the IH_NMR of215 were
observed for 216,217,218,219, (217 and 219 showed very clear differentiation). The second
effect was a greater shift change for the two methine protons of 215 was observed for the salt
of215 and (IR, 2S)-217 than for the salt of215 and (IS, 2R)-217. This difference in chemical
shift increased until the titration ratio became [217]/ [215] = - 3. The difference between the
two methine protons led to the assumption that the structure of the diastereomeric salt was
markedly different for each enantiomer, and thus upon salt formation, the two methine protons
of215 were placed in very different magnetic environments for 215:(IR, 2S)-217. The
smaller chemical shift change for 215:(1S, 2R)-217 was interpreted as a result of weaker
interactions, possibly due to poorer fit, or increased steric repulsion.
Amine AS (ppm) Kass. Ka(R)/ Ka(S)
216R 0.131 190 1.27
216 S 0.123 150
217 (lR, 2S) 0.087 230 0.25
217 (IS, 2R) 0.063 920
218R 0.041 50 0.56
218 S 0.039 90
219R 0.137 620 0.89
219 S 0.118 700
220R 0.186 1250 1.32
220S 0.186 950
Table 13 Chemical shift change (ilo) of the methine protons of215 and the salt formation constants (Kass)
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The largest chemical shift change, 0.186 ppm, of the methine proton signal was observed for
the equimolar mixture of 220 as summarised in Table 13. Nevertheless, little difference was
observed for enantiomers of 220.
The chemical shift change of215 was brought about by salt formation and weak interaction
between acid and amine.
More recently, J. L. Atwood et al.181 reported a detailed analysis of the complexation geometry
oftetraalkylammonium cations by neutral resorcinarene 221 in methanol solution.
R = i-Bu
221
The association constants were measured by 1H-NMR titration in d4-MeOH (Table 14). The
alkylammonium signals underwent upfield shift during complexation, which is in agreement
with the effect of shielding by the aromatic walls of 221.
Host Cation Kass. (M-I) AB (ppm)
221 Me4W 93 -1.83 (CH3)
221 Et4W 81 -0.96 (CH3), -1.30 (CH2)
221 Pr4W 25 -0.36 (CH3), -0.34 (CH2), -0.36 (CH2)
Table 14 Association constants Kass. (M-I) and maximum chemical shift changes LlO(ppm) for the
interaction of221 with tetraalkylannnonium cations in d4-MeOH at 298 K
An interesting feature is the failure to differentiate between Me4N+ and Et4W by neutral
resorcinarene. During complexation of Et4W the considerable chemical shift changes apply to
both CH2 and CH3 protons, with that for CH2 being even larger. These two observations made
the authors indicate that the resorcinarene is capable of binding the entire ethyl group in its
cavity. For the larger cation Pr4W, a very low association constant was observed. This may
suggest non-specific binding for the Pr4W cation.
Recently E. Da Silva et al. 182reported on the host-guest interaction of para-sulphonato-
calix[ 4]arene derivatives 222-225 with 11 aminoacids using 1H-NMR titration at pH 8.
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OH OR
222 R = CH2COOH
223 R = CH2CONH2
224 R = CH2CH2NH2
225 R = H
IH-NMR titrations were carried out with a series of 11 L-amino acids (Figure 40).
~ooo
Phe
Ala
Leu
((N~
HN H
::-
+H3N .. coo- His
H
CYcoo- Pro
N
H2
Figure 40 List of amino acids and ionisation state at pH 8
The observed Kass. values for the para-sulphonato-calix[ 4]arene derivatives, 222-225, with
regards to the various amino acids are given in Table 15.
AA 222 223 224 225
Gly 52 30 43 32
Ala 83 102 99 78
Leu 488 274 308 782
Pro 479 367 208 1272
Phe 392 493 284 819
Trp 178 211 205 263
Asp 2852 2250 5620 512
Ser 3555 540 420 120
Lys 887 578 202 1356
Arg 800 840 447 1546
His 306 208 206 502
Table 15 Association constants (M-I)for complexes ofp-sulphonato-calix[4]arene and its
derivatives with 11 amino acids (25°C)
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With respect to glycine, the Kass.values varied between 30 (223) and 52 M-I (222) showing
that there was essentially no complexation with any of the calix[ 4]arene derivatives. The
observed values for alanine were slightly higher with a maximum of 102 M-I (223). For these
two amino acids there was little difference between the observed Kass.values for the
calix[ 4]derivatives and the parent compound 225. However, the situation was quite different
for the complexation with leucine; with 225, as expected, there was a relatively strong
interaction (Kass.782 M-I), arising from inclusion of the hydrophobic side chain in the calix
cavity. For all the mono-substituted systems the Kass.values were sharply diminished,
between 270-490 M-I; it was supposed that the coupled side chain inserted into and partially
occupied the hydrophobic calix[ 4]arene cavity.
For the amino acids Phe and Trp, which have aromatic functions on the lateral chains, again
the Kass.values were lower for 222, 223 and 224 than 225. Comparing between the mono-
substituted derivatives, 223 showed slightly stronger Kass.values; this might be due to the
pendant arm of223 interacting with the guest. However, the strongest argument for the
intervention of the substituent interacting with the amino acid guest arose for Asp and Ser.
Both amino acids had polar, hydrogen bonding functions on the lateral chain, and only for
these systems were the Kass.values for 222 (2850 M-I), 223 (2250 M-I), and 224 (5620 M-I)
higher than those observed with the parent system 225 (512). Both amino acids showed
particularly strong interactions with the carboxylic acid derivative 222, and Asp showed even
stronger binding to the amino functionalised 224.
Cyclodextrins (CD) are cyclic oligo saccharides, whose properties as ligands have been studied
for many years. In the last few years the inclusion complexes of styrene and a-methyl-styrene
with ~-cyclodextrins 226 have been investigated in details by using IH-NMR titrations.l'"
Upon addition of the guests, it has been noticed that the proton signals ofH3 and H5 of~-CD
shifted markedly, which indicated that, as host, ~-CD has the ability to complex with styrene
and a-methyl-styrene. The values ofKass. were 1.035 x 103 M-I for ~-CD-styrene and 2.237 x
103 M-I for ~-CD-a-methyl-styrene, respectively.
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226
It has been reported that both protons H3 and H, shifted upfield. It is known that when only
the H3 resonance of f3-CD shifts in the presence of the guest, the cavity penetration is shallow.
Whereas, when the H, resonance of f3-CDalso shifts the penetration is deep.184 It could be
argued that styrene and a-methyl styrene are deeply incorporated in the framework of 13-
styrene. A possible explanation for the difference in association constants of f3-CDwith
styrene and a-methyl-styrene could be the different size ofthe two guests. The size of a-
methyl-styrene fits the cavity of f3-CDbetter than styrene does. The more numerous
interaction sites of a-methyl-styrene with f3-CD enhance their van der Waals attraction.
Hence, the complex of f3-CD-a-methyl-styrene is more stable than f3-CD-styrene complex.
The same research group compared the ability of a-, 13-, y-CD to bind organic molecules.l'"
This was tested by IH_NMRtitration. The KBSS. values for each complex are listed in Table 16.
Kass. (M- )
Host Styrene
7.22 x 103
1.04 X 103
9.46 X 102
a-methyl-styrene
7.36 x 103
2.24 X 103
1.11 X 103
a.,;CD
~CD
y-CD
Table 16 Association constants CKass,} of CDs with styrene and o-methyl-stryrene
The authors reported the association constants of styrene (and a-methyl-styrene) with CDs
decrease with the cavity volume of CD, the most stable complex of each guest with different
CDs is a-CD-guest, followed by f3-CD and y-CD-guest complexes. They concluded the most
likely explanation is that the cavity volume of a-CD is the more suitable to the dimension of
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styrene (a-methyl-styrene) than that of~- and y-CD. IH-NMR titrations have been used
extensively in CD inclusion chemistry. Schneider et at. recently reviewed the possibility of
the CDs to induce chiral discrimination with many pharmaceutically active molecules
(antihistaminic and analgesic agents ).186
A very interesting study of the binding ability of a podand containing a diurea unit 227,
evaluated by IH-NMR titrations, was recently performed by B. Tomapatanaget et al.. 187
227
Upon addition of guest molecules 228 X, 229 X, 230 X, IH-NMR spectra displayed significant
shifts of signals of both 227 and guests.
x = Cl, Br, PF6
The authors reported a detailed study about the spectrum of the 1:1 mixture of 227 and 228 X-
(Figure 41 and Table 17).
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Figure 41 The proposed structure of the complex 227 and 228 Br
Interestingly, all proton signals of the guest 228 Br' (He, Hx, Hy, Hz) shifted upfield, while
those of the host 227 shifted downfield. Hydrogen bonding interactions between protons H,
and Hz with Br' were allocated to the urea protons (H, and HD of 227 resulting in a decrease of
hydrogen bonding interactions of protons H, and Hz with the anion and upfield shifts of the
signals. In contrast, the urea protons of 227 (H, and HD displayed large downfield shifts
because of the hydrogen bonding interaction with Br'. Furthermore the signal H; of 228 Br'
displayed an upfield shift upon addition of more guest species. This result is probably due to
the anisotropic shielding effect of the aromatic ring belonging to 227. The effect 1Ht stacking
on the aryl protons of both the imidazole and benzene rings caused the upfield shifts of
protons H, and Hw. The template effect was even more pronounced in the case of the cr
counter ion, which gave larger shifts of all protons signals. In the case of 229 X and 230 X,
interactions with 227 are similar to those of228 X. The IH_NMR titration spectra of227 and
229 er showed that both NH protons of 227 shifted downfield corresponding to hydrogen
bonding interactions with anions. Additionally, aromatic protons shifted significantly
indicating the 1t-1t stacking interactions between aromatic rings and the imidazolium ring
belonging to 227 and 229 er, respectively. In the case of the complex of227 and 230 er, the
aromatic protons of the benzoimidazolium ring of 230 showed significant upfield shifts due to
the anisotropic effect from the aromatic ring of227.
The association constants of complexation for 227 with guest molecule are shown in Table
17.
Both er and Br' counter-ions have strong hydrogen-bonding interactions with the host 227
and thus act as templates for the formation of intelocked molecules. Among the guests, 228
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X, 229 X, and 230 X, where X = er, showed higher binding constants with 227 than those
where X =Br'. Preference for a spherical template over an octahedral template is observed
during the formation of the aforementioned interlocked molecules.
er
3460.0
892.4
123l.0
Br-
3157.0
545.0
973.8
a227: 228 X
227: 228 X
227: 228 X
a
a
Table 17 The association constants (M-I) in CDC}3 at 298 K
a No peak shifts were observed
It has been reported that the association constants of the complexes were in accordance with
the proposed structures corresponding to the highest Kass. values of 227 with 228 X because
the anion encounters seven hydrogen bonding interactions from the host 227 and the
imidazolium amide unit as well as the C-H"'X interaction, while the complexes of227 and
229 X and 230 X were subjected to only five hydrogen bonding interactions. Association
constants of227 and 230 X were higher than those of227 and 229 X because of the
enhancement of binding from 1t-1t stacking interactions between the benzene ring of227 and
the benzoimidazolium ring of 230 X.
3.2 Electrospray Ionisation Mass Spectrometry
Electrospray mass spectrometry was introduced by Yamashita and Fennl88 in 1984. Since its
development ESI-MS has established itself as a method of outstanding importance. ESI-MS
has proven to be an excellent analytical method for structural studies of extremely large
complexes.l'" The most obvious advantages of mass spectrometry include the possibility of
obtain the mass and stoichiometry of a complex directly, short measurement times, and the
small amount of analyte required. The development of this technique has allowed the
investigation of non-covalent complexation, such as protein-protein interactions.l'" assemblies
of DNA with proteins.l'" supramolecular metal complexes'Y and ternary complexes with
aminoacids.l'" Herein a few examples of the use of ESI -MS in studying and detecting ion or
non-covalent complexes between host and guest are given.
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3.2.1 Complexes with ions
T. Oshima and his co-workers employed the ESI-MS in the study of the alkali metal and the
NH4+ ion complexation of 11- to 22-membered ring crown ethers acetals 231-234 and simple
crown ether 235.194
231 n = 0
232 n'" 1
233 n = 2
234 n= 3
235
The ESI-MS experiments were carried out on a sample solution (H20-CH3CN 1:4 by volume)
containing a crown (0.1 mM) and a mixture of five alkali metal perchlorates (each 0.1 mM).
In these measurements, major mass peaks attributable to the 1:1 ion-crown complexes were
observed.
To survey the selective cation binding, the relative intensities (1m) ofESI mass spectra of the
1:1 ion-crown complexes were obtained for each crown by dividing the respective peak height
by that of the most intense peak. The data set is summarised in Table 18.
Relative Intensity 1m (%)
Complexes" Li Na K Rb Cs
[231Mt 100 72 42 31 26
[232Mt 64 100 65 52 39
[233Mt 6 60 100 59 36
[234Mt 6 45 100 83 47
[235Mt 5 11 100 50 17
Table 18 Peak intensity data for ESI-MS analysis for complexation of crown ethers 231-235 and alkali metal ions
a Counter ion was omitted. M = Li, Na, K, Rb, Cs as indicated
As expected, the smallest 11-crown-4 231 showed a monotonous decrease with increasing ion
radius from u' to Cs+. The binding property can be explained by its smaller cavity size
compared to the simple 12-crown-4 232 (cavity radius 0.60 - 0.75 A). The ring size of231 is
too small to encapsulate the alkali metal cations Li+ (0.76 A), Na+ (1.02 A), K+ (1.38 A), Rb+
(1.52 A), and Cs+ (1.67 A). In line with the poor binding ability, crown 231 exhibited rather
weak mass spectra. This could be attributed to the "nesting" or the less favourable "perching"
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complex, instead of the size-fitted "ion-in-the-hole" complex. For the 14-crown-S 232 with
one oxyethylene unit elongantion, the base peak was achieved at Na+, though almost the same
slope for the decreasing line as for 231 was maintained for the larger-sized K+ to Cs+. The
maximum intensity at Na+ can also be explained by the nesting interaction, because the 14-
membered 232, which is smaller than IS-crown-S (0.86 - 0.92 A), is insufficient to
accommodate larger sized Na+ (1.02 A). With respect to 17-crown-6 233 and 20-crown-7
234, the intensity profiles are similar to that of 18-membered 235, in spite of the ring-
contraction by one methylene unit or the ring enlargement by one oxymethylene unit as
compared with 235. This is likely to occur because these crowns have increased flexibility in
the macrocyclic rings as well as a suitable number of oxygen atoms for the preferential uptake
ofK+. More careful analysis of the binding profiles showed that the 17-membered 233
provided a higher 1m value for smaller Na+ and lower value for larger Rb+ and Cs+ than does
the 20-membered 234. This phenomenon is also consistent with the generally accepted size-
fitting concept that crowns with a given size are more selective for cations with radii better
matching that of the cavity.
A. Szczepanska et al. 195 discussed in detail the complexation of alkali metal cations and the
chiral tetraamides 236 a, b and 237 a, b (Table 19).
236 a
237 a
OHO~ OOH
I" 7 O~_]
o;rNH HN..\=0
NH NH
~O O__)
\_j
236 b
237 b
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Ligand Type of complex Signal intensities of complexes with alkali metal cations M+
Li+ (%) Na+ (%) K+(%) Rb+ (%) Cs+ (%)
236 a [236 a+ Mt 61.7 78.5 56.1 58.5 100.0
[2 x 236 a + Mt 0.8 0.4 0.3 0.2
236 b [236 b + Mt 60.9 100.0 59.2 49.5 34.4
[2 x 236 b + Mt 0.1 0.1 0.1
237 a [237 a+ Mt 89.1 86.5 69.6 79.2 100.0
[2 x237 a+ Mt 1.7 0.4 0.2 0.1
237 b [237 b + Mt 54.0 100.0 64.8 56.7 34.3
[2 x237 b + Mt 0.1 0.1
Table 19 Signal intensities for ESI-MS spectra of the ligands 236 a, b-237 a, b and five alkali metal cations195
The tetraamides 236 a and 237 a are selective towards cesium ions. This surprising result was
explained by a special influence of the hydroxymethyl substituents probably involved in
complexation of cesium cation. Also 2l-membered tetraamide 236 band 24-membered
tetraamide 237 b show very similar selectivities. The authors have also observed small
amounts of the sandwich complexes, having 2:1 stoichiometry where a cation is bound by two
ligands molecules. The highest percentage of sandwich complexes was noticed for
tetraamides 236 a and 237 a. Sandwich complexes were formed mainly with lithium cations
and their percentage decreased with an increase of the radius of the complexed ion.
Carnosine (~-alanyl-L-histidine, AH) is present in several mammalian tissues, including
skeletal muscle and the brain at high concentration (up to 20 mM) in humans. In the last few
years, a number of AH biological roles have been discovered.l''" 197 AH has also been
proposed as a potential drug able to protect against oxidative stress and related diseases.l'"
Some ~-cyclodextrin (CD) derivatives functionalised with carnosine have been synthesised as
prodrugs of AH to decrease the degradation rate of the dipeptide, by means of the formation of
intramolecular inclusion complexes.l'" The antioxidant features of the copper (II) complexes
of the cyclodextrin derivatives (CDAH) have also been reported, showing a scavenger ability
against ·OH radicals.2oo Detailed electro spray ionisation mass spectrometry (ESI-MS) studies
on the formation of copper-assisted self-assembled systems of di-[6A, 6D-(~-alanyl-L-
histidine)-6A, 6D-dideoxy-~-cyclodextrin, ADCDAH] were reported.t'" Because of the high
sensitivity and the great accuracy in the mass assignments, ESI-MS has been extensively used
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in this field, appearing as one of the emerging tools for the characterisation of supramolecular
structures in dilute solutions (micromolar concentrationj.P'' This was found particularly
useful in the study of the aforementioned compounds, the synthesis of which gave low yields.
In the ESI spectrum of aqueous solution of ADCDAH and copper(ll)nitrate, signals only due
to species containing copper ions in the molecule were detected. More in particular, peaks
were present at mlz 1673.4 and 1695.4, as single charged [Cu2(ADCDAH)M+] species, and at
mlz 837.2, 848.2 and 859.2, as doubly charged [Cu2(ADCDAH)Ml+] species (with M = H,
and/or Na), due to complex formation, in which each AH moiety of the cyclodextrin
derivative binds one Cu ion. The intense cluster of molecular ions observed between mlz
1115.9 and 1137.9, due to triply charged [C14(ADCDAH)2]Ml+ ions (with M =H, Na, orland
K), indicated the presence of a broad range of complexes, in which four copper ions, probably
by means of a combined interaction among the carnosine (p-alanyl-L-histidine, AH) units of
two different ADCDAH molecules were responsible of the metal-assembled system formation
(Figure 42).
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Figure 42 Tentative structure of the dimeric species [CuiADCDAH)zH41
Summarising the authors' conclusions, the ability of carnosine to bind Cu ions resulted even
when bound to cyclodextrin units. ESI mass spectroscopic data indicated that, in diluted
aqueous solution, cyclodextrin derivatives were able to form oligomeric complexes by means
of Cu2+ions co-ordinated to the carnosine moieties.
ESI-MS has been used also to detect the complexation of the bis(benzocrown ether)s 241-243
to alkali metal cations.r'" All series ofbis(benzocrown ether)s formed exclusively the 1:1
complex with each cation, indicating that these host molecules incorporated the cation by
intramolecular sandwich-type complexation. Biscrown 241 showed extraordinary high Na+-
selectivity. This has been explained by a strong sandwich-type complexation. Biscrown 242
showed high K+-selectivity. Again this fact suggested that the formation of intramolecular
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sandwich-type complexes occurred, thus the preference to 1:1 complexation was probably due
to size fitting between the cation diameter and the cavity diameter. Compound 243 showed
exceedingly high Cs+-selectivity. The arrangement of two crown ethers like 243 was quite
suitable for the intramolecular sandwich-type complexation with Cs". These results suggested
that the bis(benzocrown ether)s made the complexes stable and cation selective due to the
preorganised and fixed structure by the cyclobutane ring as a spacer.
238 n = 2
239 n=3
240 n = 4
241 n = 2
242 n= 3
243 n=4
Electrospray ionisation (ESI) has proved to be useful when investigating the non-covalent
host-guest complexes. For example, the binding of 18-crown-6-ether 244 to a few amino
acids (lysine, arginine, and histidine) has been recently studied by way of electro spray
ionisation.t''"
244
In the case oflysine, the presence of the complex [(Lys + H)244t has been recorded. This
fact led to compare the result to that obtained from a slightly different situation, when MeLys
was the guest involved. In this case, the spectrum showed significant doubly charged double
adduct peak corresponding to [(MeLys + 2H)2442]2+. The C- terminus of MeLys is
methylated, precluding deprotonation. The presence of an adduct with two 244 attached in the
case of MeLys contrasted with the observation that lysine attaches only a single 244. This has
been explained assuming that Lys can only bind 244 at the N-terminus without significantly
disrupting the favourable electrostatic interaction in the salt bridge conformation A (Figure
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43). Doubly protonated MeLys was supposed to attach two 244 in conformation B because it
is incapable of forming a salt bridge structure similar to structure A.
A = salt bridge structure
Figure 43 Possible conformations for Lys and MeLys
To compare the binding affinity of244 for His, Arg, and Lys (Figure 44)
f(N)__
HN- .. )(
H2N .,::'eOOH
His Arg Lys
Figure 44 L-Amino acids His, Arg, and Lys
a solution of 50 !J.Mof imidazole, guanidine, and n-butyl amine was electro sprayed with 10
!J.M244. Itwas observed that [(n-Bu +H)244t completely dominates the spectrum, with 3.5%
relative intensity for the guanidium adduct and 1% for the imidazole ring adduct. This result
demonstrated the preference of 244 for binding to a protonated primary amine.
In all these examples ESI technique has proved to be advantageous and very powerful tool for
examination of complexes.i'"
A slightly different attempt using ESI technique has been made to identify the formation of
self-assembled supramolecular complexes of native and permethylated a-cyclodextrins
modified with azobenzene moieties as the guest-substituents.i'" Depending on the modes of
interaction, CD complexes can be formed as contact or as face-to-face inclusion complexes
(Figure 45).
INCLUSION CONTACT
Figure 45 Two different types of dimers: A) face-to face inclusion dimer and B) a hydrogen bonding contact dimer
The inclusion complex is formed through the hydrophobic interaction between the CD cavity
and the CD guest-substituent. On the other hand, the contact complex is formed by hydrogen
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bonding of a large number of hydroxyl groups at the rims of the CD skeleton. In order to
develop a mass spectrometric analysis to differentiate between the contact and the inclusion
complexes, a few CD derivatives 245-247 have been investigated using ESI-MS technique
(Table 20).
245
a-CD(OR)x a-CD(OR)x
o
II
o_s~o ~G CH3
247
a-CD(OR)x
CD derivatives X R MS
245 a 18 H Monomer, dimer
245 b 18 Me Monomer
246 a 17 H Monomer, dimer
246 b 17 Me Monomer
247 a 17 H Monomer, dimer
247b 17 Me Monomer
Table 20 CD derivative structures, MS results
The mass spectrum of native CD 245 a exhibited peaks for both the monomer and the dimer.
The permethylated derivative exhibited only a monomeric [M + Na+] ion at mlz 1249. The
oligomeric ions observed in 245 a must be contact complexes formed by hydrogen bonding
between the hydroxyl groups, because no guest-substituents are present for the formation of an
inclusion complex. No oligomer was observed for 245 b; the contact complex could not be
formed by hydrogen bonding because all hydroxyl functions were methylated.
The ESI mass spectrum of246 a yielded ions at mlz 1204, 2385, and 3566 corresponding to
[nM + Na+] (n = 1-3). The oligomeric ions are observed to be more abundant in 246 a than
those in 245 a. Itwas deduced that, in addition to the hydrogen bonding contact complexes,
the inclusion complexes are also present in 246 a.
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The ESI mass spectrum of247 a was investigated to examine the influence of the length of the
substituents. It exhibited a weak dimeric ion. However, the mass spectrum of the
permethylated derivative 247 b contained no dimeric ion, but only [M +Nat The dimeric ion
detected for 247 a is likely to be a contact dimer and not an inclusion dimer. A possible
explanation for the lack of inclusion complex was that the tosyl substituents in this derivative
were too short to be held in the CD cavities to form a stable inclusion complex. In summary,
the requirements for detecting an inclusion complex by ESI-MS could be assembled as
following:
• the CD molecules have to be permethylated in order to avoid formation of a contact
complex;
• the guest-substituent must be of a suitable length, such as an azobenzene moiety, in order
to enable interaction between the substituent and the CD cavity.
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4. Aims and Objectives
In recent years supramolecular chemistry has become one of the most active field of the
chemical sciences. Molecular recognition has made rapid advances not only in natural
systems such as protein-substrate, but also in chemical technology and material science." 15
Among the most promising applications of molecular recognition are the binding and
remediation of environmental toxins from soil, water and food, as well as the binding and
removal of undesired trace by-products from the bulk manufacturing of fine chemicals.
In most of these exciting applications, the challenge is the identification of a host molecule or
receptor that binds to a specific guest molecule with a high binding constant and with the
required selectivity.
To improve the chances to obtain viable synthetic receptors, synthetic methodologies allowing
the synthesis of large numbers of structurally diverse macrocyclic receptors have to be
developed. As part of this challenge, a research programme aimed at developing synthetic
methodology that allows the efficient synthesis of a large number of structurally diverse
macrocyc1ic receptors has been performed in this thesis.
The Gawronski macrocyc1es 146 and 147164 have been found offering great promise in
generating diversity because they possess an intriguing structure and their functionalities are
perfectly suited for further synthetic elaboration.
Q
fIN NS0..Ij '::- IN N
rj"N~_{J-l-b
146 147
Figure 45 Gawronski's macro cycles 146 and 147
In an attempt to extend the scope of macrocyclisation reactions the synthesis of new aromatic
dicarboxaldehydes, using dilithiation methodology, is described in this thesis. The reactivity
of these new dialdehydes in the [3+3] cyclocondensation reaction with (1R, 2R)- cyclohexane-
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1,2-diamine 248 to give trianglimine macro cycles is investigated. The scope and the
limitations of the cyclocondensation reaction are studied and the analytical behaviour of these
new macrocycles is reported.
The possible binding between the trianglimines and one herbicide have been investigated
using 1H-NMR titration. In one case the value of the binding constant K, supports the
presence of the binding between a newly synthesised receptor molecule and the chosen
herbicide.
4.1 Synthesis
4.1.1 First synthetic strategy
The Gawronski's trianglimines 146 and 147164 were synthesised (Scheme 2) by reacting the
(JR, 2R)-cyclohexane-l,2-diamine 248 with tere- and isophthalaldehyde. The concentration
of each reactant was 0.56 M. Trianglimines 146 and 147were isolated in very good yields
(86.0% and 80.1% respectively).
¢
CHO
(1R,2R)-248
146
Scheme 2 Synthesis of146 and 147
147
The synthetic methodology used during the synthesis of 146 and 147 has provided a
straightforward synthetic route to the required trianglimines. This methodology has led to the
investigation oftrianglimines with varying functionalities. This has been the basis of my
research. As target molecules a new class of para- and meta-cyclophane polyimine
macrocyles formed by a [3+3] cyclocondensation reaction have been chosen.
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4.1.1.1 Synthesis of the dialdehydes (oxidation)
Traditionally the formyl group is introduced onto an aromatic ring using standard electrophilic
aromatic substitution reactions.i'" The Vilsmeier-Haack formylation has the disadvantage that
only highly electron rich aromatic systems give sufficiently good results.208 Other
electrophilic formylation reactions such as Gatterman, Gatterman-Koch and Reimer-Tiemann
formylation suffer from similar problems. The majority of aromatic dicarboxyaldehydes
synthesised previously were obtained from double oxidation of benzylic alcohols.i'" double
reduction of aromatic dinitriles or the Sommelet route using base hydrolysis of the
corresponding tetrabromides. 210-214
The commercially available 2,6-bis-(hydroxymethyl)-4-methylphenol 249 was chosen as a
starting material for the synthesis of differently functionalised dialdehydes.
OH
HO~OH
CH3
249
The synthetic pathway is outlined in Scheme 3.
(iii) CONDENSATION
R=-H
-S02(CeH4)CH3
_CH2COOCH3
Scheme 3 Synthetic pathway
(i), (ii), (iii) Details about the synthesis can be found in the next sections
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Oxidation with Mn02
Activated manganese dioxide has proved to be an extremely mild oxidising agent, which
demonstrated good chemoselectivity for allylic and benzylic alcohols.i" In the first instance,
MnOz was prepared according to the synthesis of Carpino.t'" The reagent consists of active
manganese dioxide supported on activated carbon and it was prepared by the oxidation of
charcoal with potassium permanganate, according to the following equation:
Mn02 + 2CO + KOH + 1/2 H2
Unfortunately, the oxidation of 249 has been more complex than was expected (Scheme 4).
OH
HO~OH _M_n_0_2/C_
CH3
249
Scheme 4 Oxidation of 249
The ratio of MnOz to substrate used was 15 to 1 by weight. The procedure was very
straightforward: the oxidant was added to the substrate in two portions and the mixture was
stirred for the stated times and temperatures (Table 21). The residues were then passed
through Celite® and washed twice with ethanol. Although different solvents (toluene or
chloroform) were tested always a mixture of mono- and dialdehyde was obtained. Only in one
case, column chromatography of the mixture gave the expected dialdehyde 250 in very poor
yields (1.34 %).
OXidising agent Solvent Temperature Time Column Chromatography"
Mn02/C CHCh Room temperature 24h Xb
CHCh Reflux 72 h X
Mn02/C Toluene Reflux 4h X
Toluene Reflux 72 h 1.34 %
Table 21 Mn02 oxidations
a Column chromatography was carried out on Fluka silica gel (220-440 mesh); Hexane-Ethyl Acetate 10:1.
b X stands for failure to separate the mixture of products.
In the second case, MnOz was prepared using a different procedure, starting with
commercially available manganese carbonate:
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230°C
The oxidation with this oxidant was successful, leading to the dialdehyde 250 in moderate
yields (40.6%). Even if the dialdehyde was shown to be pure, the recovery of the sample was
arduous (details can be found in the experimental section, Chapter 5) and Mn02 was not active
two months after its preparation. The analytical data are in agreement with those reported in
the literature.i'" The IH-NMR of250 is shown in Figure 46.
--
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Figure 46 IH_NMRspectrum in CDCI3 of250 (270 MHz)
Oxidation with SeOz
According to the literature.t" an attempt to oxidise the 2,6-bis-(hydroxymethyl)-4-
methylphenol249 with Se02 has also been made. Unfortunately the mixture of mono- and
dialdehyde obtained could not be separated either by recrystallisation or by column
chromatography. Itmight be hypothesised the phenolic hydroxyl group interfered with this
kind of reaction but the reason is still unclear.
Oxidation with Tetrapropylammonium Perruthenate (Pr4~ RU04) CTPAP)
In 1987 S. V. Ley et al.219 introduced the use ofTPAP as a readily soluble, non-volatile, air
stable oxidant for alcohols. Following the reported procedure, once again a mixture of mono-
and dialdehyde, which could not be separated, has been obtained.
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Oxidation with sodium dichromate dihydrate (Na2Cr207'2H2Ql- - -
The tosylated 2,6-bis(hydroxymethyl)-4-methylphenol 251 was obtained in good yields by
selective tosylation of the phenolic - OH of249 as reported by Gagne and co-workers.i'" using
p-toluensulphonyl chloride in toluene. The oxidation of251 with sodium dichromate
dihydrate was performed, yielding to the tosylated dialdehyde 252 in moderate yield (43.0 %)
(Scheme 5).
NaOH
T5CI
Toluene
249 251 252
Scheme 5 Tosylation of249 and oxidation of251
The spectroscopic data are in agreement with the structure of 252 (Figure 48).
The lH-NMR spectra of251 (Figure 47) and 252 (Figure 48) showed clear differences. The
lH-NMR spectrum for 252 shows a peak at cS 10.10 ppm, which indicates the presence of a
formyl group.
r
-CH3 ' -CH3
-CH2OH
-H (Ar) r-H (T5)
I
-H (T5)
,.
i
j .,
....... -
10 8 6 4 2 PPM
Figure 47 lH-NMR in CDCl3 of251 (270 MHz)
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Figure 48 IH-NMR in CDCl3 of252 (270 MHz)
Unfortunately the Na2Cr207·2 H20 has proved to be unsuccessful when using 249 as starting
material.
A comparison among the attempts of oxidation is reported in Table 22.
Methods of oxidation Substrates Results
MnOl (KMn04) 249 Mixture of mono- and dialdehydes
MnOz (MnCOJ) 249" 250
251 252
s-o. 249 Mixture of mono- and dialdehydes
Pr4N+Ru04- 249 Mixture of mono- and dialdehydes
NaZCrZ07' 20z0 249 Mixture of mono- and dialdehydes
251" 252
Yields (%)
40.6%
27.0%
43.0%
Table 22: Summarising table of the oxidations performed
aExperimental details can be found in the Experimental Section (Chapter 5)
4.1.1.2 Functionalisation of the dialdehydes
Acvlations
Many protective groups have been developed over the years that can be used to form a
derivative with the hydroxyl group in alcohols or phenols.i" Acylation of the phenolic group
in 249 and 250 has been attempted using a variety of different methods. Unfortunately, these
reactions have proved to be more elusive than expected. No acetylated derivative of 249 or
250 could be successfully synthesised (Scheme 6 and Table 23).
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HOur: OH HOur: OH~ - R=-COCH3
h ~ h
RCI
CH3 NaH CH3
249
R=-COCH3
-COCH2CH3
-COCH=CH2
250
Scheme 6 Attempts to acylate 249 or 250
Entry SMa Solvent Temp. Time Base AA" RI (SM/base) Rz (SM/AA) Ref
249 THF 25°C 72h NaH Acetyl chloride 1/10 1/3 221
2 250 THF 25°C 72h NaH Acetyl chloride 1110 1/1 221
3 250 CH2Ch 25°C 24 h NEt3 Acetyl chloride 1/1.5 1/1 222 a
4 250 DMF 35°C 24 h NaH Acetic anhydride 1/3 1/3 222 a
5 250 DMF 35°C 24 h NaH Propionyl 1/3 1/3 221
chloride
6 250 DMF 35°C 24 h NaH Propionyl 1/3 1/3 221
DMAP' chloride
7 250 DMF 35°C 24h NaH Acryloyl chloride 1/3 113 221
DMAP'
8 250 THF 25°C 24 h NaOH Acryloyl chloride 1/2.5 1/1.2 222 b
TBAHS'
Table 23 Conditions of the acylations
aAbbreviations: SM = starting material
AA = acylating agent
DMAP = 4-dimethylaminopyridine
TBARS = tetrabutylammonium hydrogensulphate
In entry 1 two acetylated products formed, according to the crude IR-NMR spectrum. It was
assumed that all the -OR groups reacted with the acetyl chloride, despite the different pKacidicS
(Figure 49).
0.=12
OH
Ho~~K.=16y
CH3
Figure 49 pICasof different hydroxylic groups
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In entry 2 an unclear product was obtained, whose IH-NMR was non-informative. To use a
different solvent (CH2Ch instead ofTHF- entry 3) and a different base (NEt3 instead ofNaH-
entry 3) allowed the acetylation of the product (according to the analyses carried on: IH_
NMR, 13C-NMR, and IR). Unfortunately the crude yields were very poor and did not merit
further investigations.
Keeping these attempts in mind, a different acetylating agent (acetic anhydride) and a different
solvent (DMF) was used (entry 4). The IH-NMR spectrum showed the diagnostic signals of
two sets of the methyl groups. Unfortunately the unreacted hydroxyl group was present as
well.
In view of these difficulties, a few other different acylating agents were tested.
Using both propionyl chloride and acryloyl chloride (entries 5, 7), a mixture of starting
material and desired compound was obtained, which could not be separated.
Slightly different conditions (using DMAP as a versatile catalyst for the acylation- entry 6)
led to a mixture of products, which did at least contain the target molecule. The IH-NMR
spectrum of the crude showed two different signals for the formyl protons.
It was assumed the Friedel Craft acylation took place between the aromatic molecule 253 and
propionyl chloride, giving the product 254 (Figure 50).
Figure 50 Possible reaction between 253 and propionyl chloride
253 254
A further possibility could be 253 underwent an intramolecular condensation (Figure 51).
Unfortunately such a low amount of product did not merit further investigations.
253
Figure 51 Possible intramolecular condensation of253
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The outcome of entry 8 was a mixture of products. The separation by column
chromatography was not successful because it resulted in a precipitate (probably a polymer,
according to broad signals in the IH-NMR), and in a fraction containing both the starting
material and the desired product (minor component).
Allcylations
In an effort to expand the possibilities of functionalisation of the phenolic group, the
alkylation with methyl bromo acetate was shown to be successful, 'giving the functionalised
dialdehyde 255 in good yield (Yolo = 51.0%).223 The spectroscopic data are in agreement with
the proposed structure 255.
NaH
°tO
CH3
"V"CH3
255250
The IH-NMR spectrum of255 is shown in Figure 52.
f-
»:
r-«
...J ~
1(J 8 6 1 21 plpM4
Figure 52 IH-NMR spectrum in CDC13 of255
4.1.1.3 Synthesis oftrianglimines
The cyc1ocondensation reaction [3+3] was attempted with the newly synthesised dialdehydes
250,252,255. [3+3] Cyc1ocondensation between (lR, 2R)-248 and dialdehydes 250, 252,
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255, under standard conditions at 0.5 M concentration in dichloromethane, resulted in
formation of the macrocyclic trianglimines 149,256,257.
250 R=-H
(XNH2
'NH2
(1R,2R)-248
252 R = -S02(C6H4)CH3
255 R = -CH2COOCH3
149 R=-H
256
Trianglimines 149 and 256 were formed in moderate to good yield (respectively 35.0% and
58.5%), whereas 257 was formed in very poor yield (6.0%). Trianglimine 149 could be
obtained analytically pure after recrystallisation from dimethylformamide; according to the
FAB-MS a single molecular ion at mlz 727 (M + H+) was observed. The alternative dimeric
structure resulting from [2+2] cyclocondensation was not present. CRN analysis could not be
successfully applied because we found that the inclusion of solvent (CH2Ch) led to
unsatisfactory results. In this and similar cases the presence of the target compounds was
corroborated by accurate mass spectrometry (Cl ionisation) or by Electrospray Ionisation
Spectroscopy.
The IH-NMR spectrum (Figure 53) oftrianglimine 149 deserves some comment and
interpretation.
-HAr -HAr
-CH=N- -CH=N-
r 1 J J__, LU
9.5 9.0 8.5 8.0 7.5 7.0 6.5 PPM
Figure 53 'H-NMR spectrum inCDCl3 of149 (500 MHz); enlargement of the area between 10 and 6 ppm
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The IH_NMR spectrum of 149 shows two signals for two non equivalent imine peaks along
with two signals for two non equivalent aromatic protons. The non equivalence of these
protons can be rationalise by assuming hydrogen bonding between the phenolic - OH and the
lone pair on nitrogen of the imine moiety. Further evidence of hydrogen bonding comes from
the low field shift of the phenolic - OH proton signal found at 8 13.93 ppm and the IR -OH
frequency at v 3585 cm". By assuming H-bonding it becomes apparent that two
diastereomeric H-bonded structures are possible. The H-bonding arrangement becomes an
element of chirality with the array ofH-bonds turning clockwise (R) or anticlockwise (S) as
illustrated in Figure 54 (here to allow use of the Cahn Ingold Prelog RlS nomenclature the H
bonds are given the higher priority).
149
SOH-bonded . R-H-bonded
Figure 54 Hydrogen bonding motif
Since both IH and 13C_NMR (8 164.19 ppm, 156.92 ppm, 134.82 ppm, 130.24 ppm, 127.56
ppm) show only one set of signals for the two diastereomeric structures, formation of the
chiral H-bond array is highly diastereoselective. However, the IH-IH-NOESY spectrum
(Figure 55) shows exchange peaks for the two aromatic and imine protons suggesting that
exchange between the two disastereomeric structures occurs in solution but is fast on the IH_
NMR time scale.
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9.5
"
10
Figure 55 IH-1H-NOESY spectrum of149
Trianglimine 256 displayed the predicted spectroscopic features, most importantly only one
set ofNMR signals for each of the three repeating units, for the preferred conformation
adopted in solution. It showed the expected molecular ion in the Cl mass spectrum at mlz
1189, together with a molecular ion corresponding to the [2+2] cyclocondensation product at
m/z 793.
The spectroscopic data for trianglimine 257 proved to be fairly complex. This macrocycle
showed temperature dependent IH_NMR spectra. In the spectrum run at room temperature,
the area of the.imine protons appeared quite complicated. The IH_NMR spectrum of257 at T
=::: 298 K in dQ-DMSO presents several peaks in the imine protons area. This fact can be
rationalise assuming trianglimine 257 is present as two conformers, which interconvert slowly
at room temperature, on the IH_NMR time scale. Upon an increase of the temperature the
many-sided signals coalescent into one set of signals. The decrease in the number of signals
has been assigned to a ring inversion induced by a simultaneous rotation around two (N=C)-
Ar bonds.
The IH-NMR spectrum of257 in ~-DMSO at T = 353 K clearly shows fewer peaks in the
imine protons area. This corroborates the hypothesis to be in the presence of two conformers,
which interconvert faster as the temperature increases.
CHN analysis can not be successfully applied because of the inclusion of solvent in the
trianglimine (CH2Ch). As mentioned earlier, the presence of257 was corroborated by
Electrospray Ionisation (mlz 943.3).
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FAB-MS showed a peak corresponding to the [3+3] 257 cyclocondensation product (mlz 943),
along with a peak corresponding to the [2+2] 258 cyclocondensation product (mlz 627),
formed directly and which failed to be separated. In addition the presence of 258 in solution
accounts for additional signals in the IH-NMR spectrum.
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4.1.2 Second synthetic strategy
Given the problems associated with the oxidation and some arduous functionalisations of the
cresol dialdehydes, an alternative synthetic scheme was investigated to synthesise a series of
aromatic dicarboxyaldehydes. Reaction Schemes 7 and 8 outline the synthetic strategy
leading to aromatic dialdehydes and ultimately to the triangular macro cycles as targets. Full
details of each step are referred in the next sections.
(ii) BROMINATION*~'BI _(ii_i)_LlT_H_IU_M_-B_R_O_M_IN_E_E_XC_H_A_N_GE,.q~'CHO
// + FORMYLATION //
Br OHC
OR1 OR1
¢
OH
259
(i) FUNCTIONALISATION
¢ 0) FUNCTIONALISATION
OMe
OR2 OR2
¢(ii) BROMINATIONqBr (iii) LITHIUM-BROMINE EXCHANGEI + FORMYLATIONBr ~
OMe OMe
q
OR
2
CHO
~
OHC
OMe
260
Scheme 7 Second synthetic strategy: FUNCTIONALISATION, BROMINATION, LITHIUM-BROMINE
EXCHANGE and FORMYLATION
CONDITIONS: (i) KOH and RIX or R2X (X = I, Br or Cl) inDMSO at r.t.;
(ii) Br2 inCH3COOHI CH3COONa, at T = 17°C;
(iii) n-BuLi, -78 QC,THF, DMF, 3 M HCl.
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*
OR
2
CHO
h
OHC
OMe
R1 = -CH2CH3
- CH2CH2CH3
-CH2CH2CH2CH3
-CH2Ph
-CH2CH20CH3
-CH2(p-F)C6H4
R2= -CH2CH3
- CH2CH2CH3
-CH2Ph
-CH2CH20CH3
Scheme 8 Second synthetic strategy: [3+3] CYCLOCONDENSATION REACTION
4.1.2.1 Functionalisation
The hydroquinone 259 and the 4-methoxyphenol 260 proved to be useful starting materials
and could be functionalised with ease, Both of them were alkylated and acylated using a
, f I' d 220 224 225 226 D inz th 'C: ' 1 'Id di ,senes 0 iterature proce ures. . .. unng ese reactions rair y mr con itions were
used and the reactions proceeded to give the desired derivatised hydroquinones 261-278 in
very good yields in some cases (Figure 56, 57),
261 R= -Et 267 R = -CONEt2
OH OR
¢ ¢ 262 R = -Pr 268 R = -CH2CH2NEt2(i) FUNCTIONALISATION 263 R= -Bu264 R = -CH2Ph 269 R=
~OH OR 265 R = -CH2(P-F)C6H4
259 261-270
266 R = -CH2CH20CH3 270 R = -CH2CH2CI
Figure 56 Reagents, conditions and yields: (i) see Table 24
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Entry Conditions" R Product Yields (%)
1 8 eq. KOH, 4 eq. EtI, r.t., 2 h, Nal, DMSO Et 261 83.3
2 8 eq. KOH, 4 eq. PrI, r.t., 2 h, Nal, DMSO Pr 262 83.7
3 8 eq. KOH, 4 eq. Bul, r.t., 2 h, Nal, DMSO Bu 263 60.1
4 8 eq. KOH, 4 eq. PhCH2Cl, r.t., 2 h, Nal, DMSO CH2Ph 264 84.1
5 8 eq. KOH, 4 eq. BrCH2(p-F)C6H4' r.t., 2 h, Nal, DMSO CH2(P-F)C6H4 265· 41.5
6 8 eq. KOH, 4 eq. CH30CH2CH2Cl, r.t., 2 h, Nal, DMSO CH2CH2OCH3 266 31.4
7 2 eq. Et2NCOCl, reflux, 48 h, Pyridine CONEt2 267 42.7
8 8 eq. KOH, 4 eq. Et2NCH2CH2Cl'HCl, r.t., 4 h, NaI, DMSO CH2CH2NEt2 268 11.2
9 4.4 eq. K2C03, 2 eq. PyCH2Cl'HCl, CH3CN CH2Py 269 24.5
\
10 8 eq. KOH, 4 eq. BrCH2CH2Cl, r.t., 2.5 h, Nal, DMSO CH2CH2Cl 270 6.0
Table 24 Yields and conditions for the functionalisation of the hydro quinone 259
a Further work up as specified in the experimental section
OH OR¢ ¢ 271 R" -Et 276 R .. -CONEt2(i) FUNCTIONALISATION 272 R= -Pr273 R = -CH2Ph 277 R = -CH2CH2OH
OMe OMe
274 R '" -CH2(p-F)C6H4 ~)260 271-278 278 R=275 R = -CH2CH2OCH3
Figure 57 Reagents, conditions and yields: (i) see Table 25
Entry Conditions' R Product Yields (%)
1 4 eq. KOH, 2 eq. EtI, r.t., 3 h, NaI, DMSO Et 271 72.5
2 4 eq. KOH, 2 eq. PrI, r.t., 3 h, NaI, DMSO Pr 272 80.7
3 4 eq. KOH, 2 eq. PhCH2Cl, r.t., 3 h, NaI, DMSO CH2Ph 273 84.1
4 4 eq. KOH, 2 eq. BrCH2(p-F)C6H4' r.t., 3 h, NaI, DMSO CH2(P-F)C6H4 274 76.7
5 8 eq. KOH, 4 eq. CH30CH2CH2Cl, r.t., 4 h, NaI, DMSO CH2CH2OCH3 275 41.6
6 1 eq. Et2NCOCl, reflux, 48 h, Pyridine CONEt2 276 92.0
7 4 eq. KOH, 2 eq. HOCH2CH2Cl, r.t., 4 h, NaI, DMSO CH2CH2OH 277 25.3
8 4 eq. KOH, 2 eq. (C2H402)CHCH2Br, r.t., 4 h, NaI, DMSO CH2CH(OCH2CH2O) 278 38.9
Table 25 Yields and conditions for the functionalisation of the 4-methoxyphenol260
a Further work up as specified in the experimental section
All compounds showed identical spectroscopic features to the reported literature or in case of
new compounds have been fully characterised by IH-NMR, 13C-NMR, IR, mass-spectrometry
and elemental analysis.
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As an example for the symmetric series of the functionalised hydroquinones 261-270, the
spectroscopic data of262 are presented and analysed here. The IH-NMR spectrum of262
showed 4 equivalent aromatic protons at 8 6.82 ppm together with the standard feature of the
propyl group next to oxygen: a triplet at 83.85 ppm for the -CH2- group next to oxygen with a
J of7.l Hz, a sextet at 8 1.76 ppm for the second -CH2-, and a triplet at 8 1.02 for the methyl
group. The l3C spectrum showed a signal at 8 153.91 ppm corresponding to the Cl
(quaternary carbon in the benzene ring), a signal at 8 116.04 ppm corresponding t6 C2 (ternary
carbon in the benzene ring) and three signals in the aliphatic region: at 8 70.72 ppm for the
methylene carbons -CH2- next to oxygen, at 8 23.17 ppm for the second set of methylene
carbons -CH2- and at 8 10.98 ppm for the methylic carbons. The l3C-NMR spectrum haa been
compared to that of the isopropoxybenzene (as a reference compound) and proved to be in
good accordance (Figure 58).
~ 262 Isopropoxybenzene
Cl 153.91 158.04
C2 116.04 116.01
262
Figure 58 Chemical shifts of selected carbons in 262 and isopropoxybenzene
El mass spectrum clearly showed a mass corresponding to the molecular ion at mlz 195.13 and
a mass corresponding to the loss of -CH2CH2CH3 group at mlz 151.13. The CRN analysis
presented values, which perfectly match the theoretical ones.
As an example for the un-symmetric series of the functionalised 4-methoxyphenols 271-278,
the spectroscopic data of273 are presented and analysed here.
¢~:'
/0
273
The IH-NMR spectrum of273 showed a typical pattern for the benzyl group: the protons H2'
and H3, were coupled to each other with a coupling constant (J) of 6.4 Hz and their chemical
shifts were respectively at 87.41 ppm and 87.34 ppm; H3, was coupled also to H4, with a
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coupling constant of the same magnitude; the chemical shift of Ha- was at 37.20 ppm. The
pattern for the aromatic protons of the hydro quinone showed two doublets (J = 9.3 Hz), one
for the protons ortho to the -OCH2Ph and one for the protons meta. As expected, the signal of
- OCH2Ph was shifted downfield at 35.00 ppm because the methylene group is next to
oxygen. Also the methoxy group was shifted downfield at 33.76 ppm for the same reason
(the value is perfectly in agreement with that of anisole at 3 3.74 ppm). The 13C-NMR showed
straightforward assignments of the structure. It showed ten peaks, which matched the
expected values. The hydro quinone moiety showed four signals as expected at 3 154.14 ppm,
153.16 ppm (for the quaternary carbons C4and Cl respectively), 116.06 ppm and 114.85 ppm
(for C2 and C3); other four signals in the aromatic region (at 3 137.52 ppm, 128.77 ppm,
128.10 ppm and 127.69 ppm) could be easily attributed to CI'-C4'. Both the methylene carbon
and the methyl carbon showed peaks shifted downfield (at 370.92 ppm and at 355.94 ppm
respectively), because they are next to oxygen.
The Cl mass spectrum showed a mass corresponding to the molecular ion at mlz 215 and a
mass corresponding to the loss of the phenyl group at mlz 137.
4.1.2.2 Dibromination
The dibromination of the majority of the compounds 261-278 was accomplished using a
literature procedure;227 two equivalents of bromine in glacial acetic acid at low temperature,
buffered with NaOAc gave the dibrominatedcompounds as shown in Figure 59 and 60. The
reaction in most cases proved to be efficient with yields varying between 17.5% and 86.4%.
Higher yields were obtained when the reaction temperature was slightly above the melting
point of AcOH at 16-17 QC.
¢
OR
259, 279 R = -H
261,280 R" -Et
262, 281 R = -Pr
264, 283 R = -CH2Ph
265, 284 R = -CH2(P-F)C6H4
266, 285 R = -CH2CH20CH3
263, 282 R = -Bu
259,261-266
Figure 59 Reagents, conditions, and yield for the brominations: (i) see Table 26
279·285
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Entry Substrate R Conditions" Product Yields (%)
1 259 H 2 eq. Br2, 17 °C, 2 h 279 44.5
2 261 Et See entry 1 280 48.0
3 262 Pr 2 eq. Br2, 17 °C, 3 h 281 17.5
4 263 Bu See entry 3 282 80.6
5 264 CH2Ph See entry 3 283 70.4
6 265 CH2(P-F)C6H4 See entry 3 284 49.6
7 266 CH2CH2OCH3 See entry 3 285 86.4
Table 26 Yields and conditions for the brominations of259, 261-266
a Further work up as specified in the experimental section
*
ORBr
(i) Br2. CH3COOHI CH3COONa
Br
OCH3
271,286 R = -Et
272, 287 R = -Pr
273, 288 R = -CH2Ph
275, 289 R = -CH2CH20CH3
290 R" -CH2CH20COCH3
271-273,275,277
Figure 60 Reagents, conditions, and yields for the brominations: (i) see Table 27
Entry Substrate R Conditions" Product Yields (%)
1 271 Et 2 eq. Br2, 17 °C, 2 h 286 27.0
2 272 Pr 2 eq. Br2, 17 °C, 3 h 287 87.7
3 273 CH2Ph See entry 1 288 79.1
4 275 CH2CH2OCH3 2 eq. Br2, 17 °C, 4 h 289 81.4
5 277 CH2CH2OH See entry 2 290 71.7
Table 27 Yields and conditions for the brominations of 271-273, 275, 277
a Further work up as specified in the experimental section
As an example of the dibrominated compounds 279-285,here are reported and commented the
spectroscopic data of the 1,4-dibromo-2,5-di(2' -methoxyethoxy)benzene 285. The presence
of bromine is confirmed by all the analyses performed. The stretching frequency of C-Br
bonds in the IR-spectrum appeared at 865 cm"; this was in accordance with the standard
value. In theory the dibromination reaction could have yielded three possible compounds
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(285,285 a and 285 b). It is therefore of great importance that 13C-NMR is carefully
examined.
Ia"l
5~~ BrI 1
4 h
3 2 Br
fa
a
I
285 285a 285b
The IH-NMR spectrum did not help in choosing the right possibility because it showed a
singlet in the aromatic region at 8 7.14 ppm for two equivalent protons. Unfortunately, any of
the three compounds could have matched this pattern. The 13C-NMR spectrum clarified the
situation. It showed three signals in the aromatic region: one at 8 153.88 ppm, one at 8 119.93
ppm and one at 8 112.16 ppm. This fact excluded the compound 285 a, which would have
four signals for the four different carbons in the aromatic region. Both 285 and 285 b have
three non equivalent carbons in the aromatic area. The values of the signals in the 13C-NMR
spectrum did help in choosing the option 285 because its values perfectly match the pattern
with two bromine atoms in para orientation to each other, as derived from 13C-NMR
increment tables. Further evidence of the para orientation of the bromine atoms, is provided
by the synthesis of the macrocyclic trianglimine; this would not have occurred if the two
bromine and consequently the two formyl groups were in the ortho position.
The El mass spectrum showed the standard pattern in presence of two Br atoms: three peaks
for the molecular ion corresponding to the different isotopes ofBr at mlz 386 (50% relative
abundance, 8IBr), 384 (100% relative abundance, 81Br, 79Br), and 382 (50% relative
abundance, 79Br). CRN analysis perfectly matched the theoretical values.
In the series of the un-symmetric dibrominated compounds 286-290, the 1,4-dibromo-2(2'-
methoxyethoxy)-5-methoxybenzene 289 has been chosen to analyse in detail the spectroscopic
data. Once again three structural possibilities (289, 289 a and 289 b) had to be considered and
analysed to ensure the correct structure was deduced.
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The IH-NMR spectrum showed two singlets at 87.15 ppm and 8 7.07 ppm for two non
equivalent protons in the aromatic area. This pattern excluded compound 289 a, because it
would have two non equivalent protons coupled to each other (ortho coupling constant). The
13C_NMRshowed six signals in the aromatic area at 8 151.39 ppm, 150.40, 119.84 ppm,
117.25 ppm, 112.00 ppm, 110.76 ppm for six non equivalent carbons. This excluded
compound 289 b, which would have presented only four signals in the aromatic area (Cl and
C3 are equivalent in 289 b, as well as C4 and C6). Also in this case the values of the 13C-NMR
spectrum were essential in choosing compound 289 because its values match the pattern with
two bromine atoms inpara position to each other as derived from the 13C_NMRincrement
tables. Once more the synthesis of the corresponding trianglimine is a further evidence of the
mutual positon of the two bromine atoms.
The El mass spectrum showed the standard pattern in presence of two Br atoms: three peaks
for the molecular ion corresponding to the different isotopes of Br at mlz 342 (25% relative
abundance, 8IBr), 340 (50% relative abundance, 81Br,79Br), and 338 (25% relative abundance,
79Br), and three peaks corresponding to the loss of the - CH2CH20CH3 at mlz 284 (40%
relative abundance, 8IBr), 282 (100% relative abundance, 81Br,79Br), 280 (40% relative
abundance, 79Br). CRN analysis perfectly matched the theoretical values.
Substrate 277 underwent an acetylation reaction using the conditions mentioned earlier (Br2 in
CH3COOHI CH3COONa) and gave compound 290. Itwas easily deprotected using anhydrous
K2C03 in methanol at room temperature, giving 291 in good yield (85.5%).228
o~OnCH3
*
Br 0
Br2!AcOH K2C03
NaOAc Br CH30H
T = 16-17°C OCH3
277 290 291
It is worth noting that compounds 267-270, 274, 276 and 278 failed to yield any dibrominated
product.
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N
269 R= ~\ ..~-
V
274 R = -CH2(p-F)Ph
276 R = -CONEt2¢
OR
267 R = -CONEt2
278 R=
267-270 274,276,278
Despite the efforts spent trying to brominate these substrates using a large variety of different
procedures, no bromination was observed. Table 28 states the conditions used.
In all cases, the only recovered products were the starting materials together with traces of .
decomposition products.
Brominating Temperature Solvent Time Ref.
agents
Br2 50°C CH3COOH 4h 227
NBSa room temp. DMF 24h 229
KBr03 room temp. H2S04/H20 24h 230
PBCa room temp. CH3COOH 4h 231
Table 28 Conditions for the relative bromination of the compounds 267-270, 274, 276, 278
a NBS = N-bromosuccinirnide
PBC = Pyridinium bromo chromate
4.1.2.3 Dilithiation by double-bromine exchange
The lithium halogen exchange reaction was discovered by Wittig232 and Gilman233 in 1938 and
has proven to be an extremely useful synthetic method ever since. Dilithiations using a double
lithium-halogen exchange were firstly reported by Worden using resorcinole dibromides234
followed by Snieckus using O-carbamate substituted aromatic and C-amide substituted
thiophene,235,236and finally by Nierengarten and co-workers.r"
Double lithium-bromine exchange on 1,4-dibromo-2,5-diethoxybenzene 280 proceeded at -
78°C in THF with 5 equivalents of n-BuLi to give the dialdehyde 292 in good yield after
treatment with DMF and 3 M HCl. Double lithium bromine exchange on substituted
aromatics 281-289 gave the desired dialdehydes in variable yields (Figure 61).
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OR OR4B' 4c"0 280, 292 R = -Et(i) 281,293 R = -Pr.--:;; .--:;; 282, 294 R = -Bu
Br OHC 283, 295 R = -CH2Ph
OR OR 284, 296 R = -CH2(p-F)CeH4
280-285 292·297 285, 297 R = -CH2CH2OCH3
OR OR4B' 4c"0 286, 298 R = -Et(i).--:;; .--:;; 287,299 R = -Pr
Br OHC 288, 300 R = -CH2Ph
OCH3 OCH3 289, 301 R = -CH2CH2OCH3
286-289 298-301
Figure 61 Reagents, conditions and yields: (i) see Table 29
Entry Substr. R Conditions" Products Yields (%)
1 280 Et 5 eq., n-BuLi, -78 °C, THF, 2 h; 5eq. DMF, -78 °C, THF, 292 64.0
30 min.; 3 M HCI
2 281 Pr 5 eq., n-BuLi, -78 °C, THF, 2 h; 5eq. DMF, -78 °C, THF, 293 40.0
30 min.; 3 M HCI
3 282 Bu 5 eq., t-BuLi, -78 °C, THF, 2 h; 5eq. DMF, -78 °C, THF, 1 294 35.3
h; 3 MHCI
4 283 CHzPh 5 eq., n-BuLi, -78 °C, THF, 2 h; 5eq. DMF, -78 °C, THF, 295 95.1
30 min.; 3 M HCI
5 284 CHZ(p-F)C6H4 5 eq., n-BuLi, -78 °C, THF, 2 h; 5eq. DMF, -78 °C, THF, 296 56.3
30 min.; 3 M HCI
6 285 (CHz)zOCH3 5 eq., n-BuLi, -78 °C, THF, 2 h; 5eq. DMF, -78 °C, THF, 297 56.4
30 min.; 3 M HCI
7 286 Et 5 eq., n-BuLi, -78 °C, THF, 2 h; 5eq. DMF, -78 °C, THF, 298 57.1
30 min.; 3 M HCI
8 287 Pr 5 eq., n-BuLi, -78 °C, THF, 3 h; 5eq. DMF, -78 °C, THF, 1 299 95.5
h;3MHCI
9 288 CHzPh 5 eq., n-BuLi, -78 °C, THF, 3 h; 5eq. DMF, -78 °C, THF, 1 300 18.6
h; 3 M HCI
10 289 (CHz)zOCH3 5 eq., n-BuLi, -78 °C, THF, 3 h; 5eq. DMF, -78 °C, THF, 1 301 62.2
h; 3 MHCI
Table 29 Reagents, conditions and yields for the double lithium-bromine exchange of the compounds 280-289
It is worth noting that double lithiation of compounds 279 and 291 failed to yield any
dicarboxydialdehydes. Complete decomposition of all materials involved was observed.
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All the dialdehydes synthesised have been fully characterised by IH-NMR, 13C_NMR, IR,
mass spectrometry and elemental analysis.
As a typical illustration of the analytical trend of the symmetric dialdehydes 292-297, the
spectroscopic data of 2,5-dipropoxyterephthalaldehyde 293 are reported.
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The IR showed a typical, strong C=O stretching at 1692 ern".
The IH-NMR spectrum showed a singlet at () 10.52 ppm, corresponding to the formyl protons
and a singlet at () 7.42 ppm corresponding to the two equivalent aromatic protons; the pattern
in the aliphatic region perfectly matched the presence of the propyl group, with a triplet at ()
4.05 ppm corresponding to the methylene groups next to oxygen; these - CH2- groups are
coupled to the second methylene group with a coupling constant of7.5 Hz. The signal of the
second - CH2- group appeared at () 1.82 ppm as a sextet with a coupling constant of7.5 Hz.
The triplet with coupling constant of7.5 Hz, at () 1.06 ppm, had to be attributed to the methyl
groups. The 13C-NMR spectrum showed the expected downfield peak at () 190.23 ppm
corresponding to the formyl carbon. The aromatic region showed three signals for the three
non equivalent carbons of the aromatic ring. The chemical shifts were at () 155.96 ppm (er
OPr), 124.80 ppm (C1-CHO), 112.27 (CrH) ppm. The aliphatic region showed three signals:
one at () 71.24 ppm corresponding to the carbon next to oxygen, one at ()22.89 ppm for the
second methylene carbon and one at () 10.96 for the methyl carbon.
The El mass spectrum presented the protonated molecular ion at mlz 251.2 and a peak
corresponding to the loss of the formyl group at mlz 222.2.
The other symmetric dialdehydes 292 and 294-297 showed spectroscopic data fairly similar to
those of293.
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CRN analysis for 292 was not successful. In this case the presence of292 was corroborated by
accurate mass spectrometry (found (El) 223.0956 [M + H+], C12HlS04 requires 223.0965) .
./"'--*0 CHO
~
OHC
~o
292
The synthesis of the dialdehyde 294 was fairly problematic; the double lithiation with n-BuLi
failed. Using t-BuLi as the lithiating agent resulted in a successful synthesis of294. The
recrystallisation from petroleum ether gave 294 (Figure 62), although in moderate yield
(35.3%).
-CH3
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Figure 62 IH-NMR spectrum of294 in CDCl3 (270 MHz)
CRN analysis for 296 (Rt = -CH2(P-F)C6H4) was not successful. The presence of the target
molecule 296 was assessed by accurate mass spectrometry (found (El) 382.1038 [M + H+],
C22H17F204 requires 382.1011).
As an example for the un-symmetric series of the dialdehydes 298-301 the spectroscopic data
of the 2-(benzyloxy)-5-methoxyterephthalaldehyde 300 are reported and illustrated in detail.
131
Chapter 4 4. Results and Discussion
4'
3'
2',
o
2 CHO3 ~
41 .--::: ;
OHC 5
/0
300
The IR spectrum showed the typical, strong C=O stretching at 1679 cm".
The IH-NMR spectrum showed two singlets at 0 10,55 ppm and at 0 10.49 ppm corresponding
to the non equivalent formyl protons. The aromatic region showed a doublet at 0 7.43 ppm
corresponding to the protons H2,. These protons are coupled to the protons H3, with a coupling
constant (Jortho) of 8.8 Hz. A double doublet at 0 7.37 ppm could be attributed to protons H3',
which are coupled both to H2, and H4, with coupling constant JI of 13.5 Hz and J2 8.8 Hz. The
doublet at 0 7.30 ppm was attributed to H4" coupled to H3,. The aromatic region showed two
other signals, two singlets at 07.55 ppm, and 7.47 ppm, attributable to the non equivalent
aromatic protons H3 and H6 of the terephthalaldehyde aromatic ring. The aliphatic region
presented two singlets, one at 05.19 ppm, assigned to the CH2 group and the second at 03.94
ppm attributed to the methyl in the methoxy group. Both these signals were shifted downfield
due to the presence of oxygen, which is an electron withdrawing atom and deshields the atoms
next to it.
The 13C-NMR spectrum showed one signal at 0 189.39 ppm attributed to both the formyl
carbons. The aromatic region showed less signals than those expected: three signals at 0
128.99 ppm, 128.68 ppm and 127.80 ppm, corresponding to C2', C3', and C4'; one signal at 0
112.65 ppm corresponding to C3 or C6 and one at 0 111.11 ppm corresponding to C3 or C6.
The quaternary carbons were not visible because of the poor solubility of300 in CDCh. The
aliphatic region showed the expected two signals, one at 0 71.42 ppm attributed to the
methylene next to oxygen and the second at 056.44 ppm corresponding to the methyl next to
oxygen. It should be mentioned that other dialdehydes of the un-symmetric series presented a
13C_NMR spectrum with all the expected signals. As a comparison the 13C-NMR spectrum of
the 2-propoxy-5-methoxy-terephthalaldehyde 299 is analysed.
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It showed two signals at 8 190.21 ppm and at 8 190.15 ppm for the two non equivalent - CRO;
two signals at 8 156.57 ppm and at 8 156.22 ppm for C2 and Cs; two signals at 8 124.30 ppm
and 8 115.14 ppm attributed to C, and C4; and other two signals at 8 111.34 and 8 110.64 ppm ""
for C3 and C6. The aliphatic region showed two downfield signals attributed to -OCRz- (71.31
ppm) and - OCR3 (56.76 ppm); there were other two signals for the methylene carbon at 8
22.93 ppm and for the methyl carbon at 8 10.99 ppm.
The Cl mass spectrum of 300 showed a protonated molecular ion at mlz 271. CRN analysis
could not be applied and the presence of 300 was confirmed by ESI mass spectrometry (found
271.0950 [M + R+], C'6R'S04 requires 271.0965).
Compound 301 was obtained in moderate yield (36.4%), although in good purity (Figure 63).
"'C/OqCHO -CH2-OCH3-OCH3
h
OHC
0" -OCH2-
-HAr
1-OCH2--CHO -' -
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Figure 63 'H-NMR of301 in CDC13 (270 MHz)
One possible problem might be the presence of unreactive intermediate 302, which could not
be isolated; this however could interfere with the reaction.
r>.
~~-CH3
OHC~
/0
302
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The two oxygens on the side chain could prevent the formyl group to substitute Li and favour
the Li-H exchange as a competing reaction pathway. Also with 301 CHN analysis could not
be successfully applied. The presence of 301 was corroborated by accurate mass spectrometry
(found (El) 238.0828 [M+], C12HI405 requires 238.0836).
Table 30 compares the spectroscopic data of the synthesised aromatic dialdehydes.
Clv series
Aromatic dialdehydes R lIu (ppm)" lie (ppm)" IR
(cm'')"
CHO Ar-H C=O Ve-o .'
292 Et 10.52 7.43 190.31 1687
293 Pr 10.52 7.42 190.23 1692
294 Bu 10.51 7.43 190.18 1682
295 CH1Ph 10.54 7.56 189.90 1677
296 CH1(P-F)C6H4 10.52 7.54 189.11 1678
297 CH1CH1OCHJ 10.53 7.46 190.03 1679
298 Et 10.52 10.49 7.44 7.43 190.68 189.32 1682
299 Pr 10.53 10.49 7.44 7.43 190.21 190.15 1689
300 CH1Ph 10.55 10.49 7.55 7.47 189.39 1679
301 CH1CH1OCHJ 10.43 10.37 7.33 7.27 190.08 189.98 1683
DJh series
Table 30 Chosen spectroscopic data (IH, 13C_NMR and IR) of the synthetised aromatic dialdehydes
aAll spectra were recorded in CDCl3
bAll spectra were recorded in nujol
All the spectroscopic data are showing little variation across the series.
4.1.2.4 Synthesis of the Triangular Macrocycles 303-312
Cyc1ocondensation between (1R, 2R)-248 and the substituted dialdehydes 292-301 gave,
under standard conditions at 0.5 M concentration in dichloromethane, the macrocyc1ic
trianglimines 303-312 (Figure 64). The yields varied from good to excellent, as shown. It is
worth noting that the crude yields as judged by IH-NMR spectra taken directly after the
condensation reaction are much higher than those obtained after purification procedures. Low
isolated yields are usually a result of repeated recrystallisations (Table 31).
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Figure 64 Synthesis of the Trianglimines 303-312
qORCHOh
OHC
OR
(yNH2
V""NH2
(fR, 2R)· 248
292-297
qORCHOh
OHC
OMe
(yNH2
V""NH2
(fR, 2R)· 248
298-301
Trianglimines Crude Yields (%) Isolated Yields (%)
303 81.6' 17.7
304 70.4' 17.1
305 60.0' 32.2
306 75.7b 23.0
307 83.3b 29.0
308 80.3b 30.2
309 71.4' 8.2
310 86.4' 15.2
311 77.9b 12.5
312 78.3b 5.0
292, 303 R = -CH2CH3
293, 304 R = - CH2CH2CH3
294, 305 R = -CH2CH2CH2CH3
295, 306 R = -CH2Ph
296, 307 R = -CH2(p-F)C6H4
297, 308 R = -CH2CH20CH3
298, 309 R = -CH2CH3
299,310 R = - CH2CH2CH3
300,311 R = -CH2Ph
301,312 R = -CH2CH20CH3
Table 31 Comparison of the crude and recrystallised yield of compounds 303-312
aValues calculated from the ratio between the integration of CRring- N in the trianglimine and the same proton in the (1R,
2R)-248 in the lR-NMR spectrum of crude
bValues calculated from the ratio between the integration ofCR=N in the trianglimine and the -CRO of the starting
dialdehyde in the 1R-NMR spectrum of crude
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4.1.2.5 Spectroscopic analysis of macro cycles 303-312
All the trianglimines were fully characterised by IH_, 13C-NMR, MS, IR and CRN analyses.
Their spectroscopic behaviour is varied.
The macrocycle 303, has very straightforward IH_ and 13C-NMR spectra (Figure 65 and 66).
The IH-NMR spectrum showed only one set of signals for the three repeating units (more
precisely one singlet for the imine protons and one for the aromatic protons) and therefore
indicating a D3h symmetry of the compound in solution.
-CH3
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Q -CH2ring-) ,4 -CH=N-RN1N~ r~ b ''/~·'0
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Figure 65 IH-NMR spectrum 0[303 in CDCl3 (500 MHz)
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Figure 66 13C_NMR spectrum 0[303 in CDCl3 (67.5 MHz)
A detailed analysis of the IH-NMR spectrum displayed the following pattern: one singlet at 8
8.52 ppm corresponding to the six imine protons and a second singlet at 8 7.27 ppm,
corresponding to the six aromatic protons. In the aliphatic region an ABX3 system was
observed for the two diastereotopic - OCH2- protons of the side chain of the aromatic ring.
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geminal pair, HA and HB, are diastereotopic, because of the chirality of the diaminocyclohexyl
moiety. They are coupled to each other with the larger of the two coupling constants eJ,
geminal coupling constant of 16.5 Hz) and they are each coupled to Hx with a coupling
constant of7.3 Hz (Figure 67). It is worth mentioning that the value of the geminal coupling
constant of 16.5 Hz is exceptionally large.
Figure 67 ABX3 system
The IH_NMR spectrum showed a triplet for the methyl group. It should be a double doublet
but the two vicinal J are too similar to give origin to a double doublet.
It is worth noting the broad signal at S 3.37 ppm; this corresponds to the protons in the
cyclohexyl, whose carbon is next to nitrogen. The width of this signal is probably due to the
rapid inversion of the cyclohexane ring and syn/ anti isomerisation of the imine moiety
(Figure 68).
1SOO
=
8)11'1
Figure 68 Isomerisation synI anti of the imine moieties
The remaining cyclohexyl protons are found in the area between S 1.85 ppm and 1.45 ppm.
The 13C_NMRspectrum was simple to assign. It showed one set of signals for each of the
three repeating units: the expected downfield signal for the imine carbon at S 157.21 ppm;
three different aromatic signals for the three non equivalent carbons at S 153.07 ppm,
corresponding to C7 and CS" at S 128.33 ppm, corresponding to C6 and C9, and at S 111.63
ppm, corresponding to Cs and CT. In the aliphatic area five different signals were present: at S
74.88 ppm, attributed to the carbon - OCH2- in the ethoxy moiety; at S 65.33 ppm,
corresponding to the carbons next to nitrogen in the cyclohexane ring; at S 33.30 ppm and
25.00 ppm, corresponding to -CH2- in the cyclohexane and at S 15.05 ppm for the - CH) in the
ethoxy group.
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The possibility of dimer formation by a [2+2] cyclocondensation could be excluded, as the
mass spectrum showed a single molecular ion at mlz 901 as expected (Figure 69).
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Figure 69 Mass spectrum of303 (FAB)
The spectroscopic features of304, 305 are similar with those of303. Also in these cases the
lH-NMR spectrum showed a singlet for the six imine protons and for the six aromatic protons.
In both these spectra the characteristic ABX2 system was recognisable (Figure 70, 71).
-CH=N- -HAr
-CH2-nng
-CH2-chain
-CH-N-
I---------___..J.''--------'_..~-- _; 1..= ~ __ ../
CH3
B 6 4 PPM2
Figure 70 lH_NMR of304 in CDCl3 (500 MHz)
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Table 32 1H chemical shifts of chosen protons of 303, 304 and 305 (ppm)
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Figure 71 IH-NMR of305 in CDCl3 (500 MHz)
On close inspection of304, a double triplet was observed at 8 3.81 ppm with the largest
geminal Jxn (16.3 Hz) and the vicinal Jxx (7.4 Hz). At 83.71 ppm the second double triplet
was recognisable, with the vicinal JBX (6.5 Hz). A broad signal for the six - CH-N was
localised at 8 3.37 ppm.
For 305, the first double triplet was observed at 83.88 ppm, with Jxs of 15.6 Hz and hx of6.6
Hz. At 8 3.72 ppm the second double triplet was localised with JBX of6.0 Hz. Also the
trianglimine 305 presented a broad signal at 83.36 ppm for the - CH-N-.
Table 32 and 33 shows the comparison among the values of IH_ and 13Cchemical shifts of
303, 304 and 305. Very little variation in chemical shifts was observed. The only relevant
difference was the values of -OCH2- in the IH-NMR spectrum for 303, which were shifted
downfield.
Compounds 8 (CH=N) 8 (-CH20-) 8 (-CH20-) 8 (CHring-N) 8 (CH3)
303 8.52 3.93 3.85 3.37 1.19
304 8.52 3.81 3.71 3.37 0.85
305 8.50 3.88 3.72 3.36 0.90
Compounds 8 (CH=N) 8 (-CH2O-) 8 (CHring-N) 8 (CH2ring) 8 (CH3)
303 157.21 74.88 65.33 33.30-25.00 15.05
304 156.73 74.52 70.91 33.04-24.74 10.76
305 156.90 74.38 69.03 33.04-24.75 14.12
Table 33 13C chemical shifts of chosen carbons of 303, 304 and 305 (ppm)
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The presence 0[304 (R = -Pr) and 305 (R = -Bu) was corroborated by the ESI-MS, which
showed a single molecular ion respectively at mlz 1069.8 and mlz 985.7 (Figure 72 and 73).
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Figure 72 ESI-MS of304 inmethanol (positive ion mode)
204oI44'OlutMp",I,r;RT:OHNl t.l.:588ES
T·p .... lll1O·00-2000,OOI
Figure 73 ESI-MS of305 inmethanol (positive ion mode)
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Trianglimine 306 and 307 presented spectra (IH_, 13C_NMR, MS), which are completely
consistent with the previous ones. In these cases the 13C_NMRspectra are the most helpful in
defining the structure of these trianglimines in a better way (Figure 74, 75).
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Figure 74 13C_NMR spectrum of306 in CDCl3 (67.5 MHz) and relative assignements in ppm
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Figure 75 13C_NMR spectrum of307 in CDCl3 (67.5 MHz) and relative assignements
The IH_NMR of306 presented one singlet at () 8.59 ppm, corresponding to the imine protons.
The aromatic area showed a singlet for the aromatic protons in the main structure and three
signals (two doublets and a triplet all with J 7.5 Hz) for the aromatic moiety in the side chain.
As in the spectra for the simpler trianglimines an AB system was recognisable at ()4.82 ppm
and at 8 4.83 ppm, with a geminal coupling constant JAB of 11.0 Hz corresponding to the-
OCH2Ph protons. The -CH-N- proton in the cyclohexyl moiety gave origin to a broad signal
at () 3.36 ppm. The FAB-MS showed a single molecular ion at mlz 1274 (M + H+).
The trend of the IH_NMR spectrum of307 was very similar to 306. At 88.53 ppm a singlet
for the six imine protons was present The residual coupling constant between 19p and the
protons was assessed. Itwas assumed the singlet at 86.91 ppm corresponded to the aromatic
protons in the main structure; the protons H3, presented a double doublet at 87.01 ppm with a
coupling constant JH-Hortho of 8.2 Hz and a hI-F ortho of 10.6 Hz. The protons H2, showed two
double doublets, which are almost overlapped at 87.10 ppm with a JH-Hortho of 8.2 Hz and a
JH-F meta of 5.2 Hz. A possible explanation of this pattern is the two H2' in the aromatic ring
were not equivalent because they experimented a different environment. This could be due to
the rotation around the - CH2-Ar bond, which was slow in relation to the proton NMR time
scale. Trianglimine 307 showed significant doublets at 8 4.77 ppm and 8 4.47 ppm; they stated
an AB system with Jgeminal 11.0 Hz. The -CH-N- showed a broad singlet at () 3.35 ppm, which
is common for a trianglimine macrocycle.
In the 13C_NMR spectrum it is worth noting the detected IJC_F of250 Hz, which split the signal
for C4-F in a doublet.
The FAB-MS showed a single molecular ion at mlz 1382.5 (M + H+).
Trianglimine 308 (R = -OCH2CH20CH3) was synthesised because of its side chains. In effect
they could have a similar behaviour to that of the crown ethers, in encapsulating small
molecules. According to the analyses performed, 308 was very pure (Figure 76) and the mass
spectrum did show a single molecular ion at mlz 1081(~) (Figure 77).
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Figure 76 lH-NMR spectrum of308 in CDCl3 (500 MHz)
The lH-NMR of308 showed as usual a singlet at 08.53 ppm, corresponding to the imine
protons and a second singlet at 7.30 ppm for the aromatic protons. The Ar-OCH2-showed a
standard ABXX' system. -CH20CH3 showed a double doublet at 03.40 ppm, and -OCH3
showed the expected singlet at 03.36 ppm. The -CH-N- gave a broad signal at 03.58 ppm.
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Figure 77 FAB-MS spectrum of308
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After the analysis of the symmetric trianglimines was accomplished, the study of the e2v
trianglimines 309 - 312 was performed. Although the isolated trianglimines were in poor
yields, better understanding of their analytical behaviour fully justified their synthesis. These
trianglimines presented a greater challenge with respect to their NMR spectroscopic data.
309
311
All the NMR spectra of the un-symmetric trianglimines 309 - 312 are distinctively different
from those of the D3h compounds and require detailed description and interpretation. As an
example compound 311 has been chosen to illustrate all the features of the spectra. In this
particular case all the IH-NMR signals were well separated. The ESI and FAB spectra
showed for all compounds the expected molecular ion only. There was no impurity present
that might have affected the NMR interpretation. A typical ESI mass spectrum of compound
309 is shown in Figure 78.
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Figure 78 ESI -MS 0[309 inmethanol (positive ion mode)
The CHN analyses obtained were as well within the errors found for this class of compounds.
The discussion that follows will be based on a series of previous experimental findings with
respect to single crystal X-ray structure analysis oftrianglimines reported'f" and
conformational studies previously undertaken. Furthermore a series of scenarios need to be
considered that take into account all possible isomers that could formed along with their
theoretically expected spectra.
The reaction between any un-symmetric dialdehyde 298 - 301 and (lR, 2R)-248 gives a series
of isomeric compounds as possible reaction products whose structures are proposed in Figure
79.
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Figure 79 Possible isomeric products for the reaction between 298-301 and (JR, 2R)-248
The potential reaction products can be summarised in two main groups: the non-C,
symmetrical isomers 313 and 314 (if X = -OCH3 and Y = -OCH2C6Hs) or the C3 symmetrical
isomers 315 a and 316 a. For each C3 symmmetric isomer a few rotamers are possible as
well, obtained by two different kinds of rotations, which will be described later in detail.
The correct structural assignment of the trianglimines 309- 312 formed needs to be in full
agreement with all the spectroscopic data. To simplify the discussion the IH-NMR of311 is
chosen due to the fact that all IH and l3C signals are well separated (Figure 80).
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Figure 80 lH-NMR spectrum of311 in CDC!3 and three enlargements (500 MHz)
As it can be seen in Figure 80, the lR-NMR spectrum of311 in CDCh clearly shows 8
singlets for the imine groups (enlargement I), 8 peaks for the aromatic protons in the main
structure, 8 AB doublets for the - OCR2- (enlargement II), and 4 singlets for the -OCR3
groups (enlargement III).
Firstly non-symmetric trianglimine 313 without C3 symmetry needs to be considered and a
comparison must be made between the theoretically expected lR-NMR spectrum and the
experimentally observed lR-NMR spectrum. In a non-Cjsymmetric isomer such as 313, all
the protons in the macrocycle can be expected to be non-equivalent. Therefore six imine, six
aromatic and six CRN signals would be expected. Since the overall geometry of any
trianglimine features three aromatic rings whose aromatic planes form a perpendicular
arrangement.i'" two different substituents in a 1,4 orientation create a local element of planar
chirality; this situation is similar to the well known disubstituted arene chromium and iron
cyclopentadienyl half sandwich complexes.t" in which the planes above and below the
aromatic ring tum non-equivalent. In the case of the macrocycles, one side of the macrocycle
faces into the direction of the cavity whereas the second one faces towards the outside of the
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macrocycle. Keeping this unusual stereochemical feature in mind, a further diastereomeric
non-C, symmetric macrocyclic product 314 becomes possible again with an expected set of
six non-equivalent imine and aromatic signals. Clearly the presence of the two non-C,
symmetric compounds together doesn't explain the pattern of the observed lR-NMR spectrum
of311.
Apart from the non-C, symmetric possible products 313 and 314, two diastereomeric C3
symmetric macrocycles 315 a and 316 a can be formed in the reaction (Figure 79). As before
the stereo genic plane of the aromatic ring creates stereochemical information giving rise to
two diastereomers. Also in this case the possibility of having a mixture of diastereoisomers of
the two Cj-symmetric macrocycles together (315 a and 316 a) can be excluded because it
would cause only a maximum of four signals for the imine protons (two for each
diastereomer).
To rationalise the above lR-NMR spectrum (eight signals of similar intensities for the eight
non-equivalent imine protons, eight AB doublets for eight sets of diastereotopic non-
equivalent benzyl protons and four non-equivalent - OCR3), a mixture of one non-C,
symmetric diastereoisomer (which would explain 6lines for - CR=N-), and one C3 symmetric
diastereomer (which would explain the remaining 2 lines) needs to be postulated. The 'a.
NMR spectroscopic data of311 could be interpreted in terms ofa 3:1 mixture of
diastereomers with one diastereomeric non-C, symmetric isomer as the major component and
one C3 symmetric isomer as the minor component.
This scenario although giving a sufficient rationale seems highly unlikely. Firstly there is no
rationale available to account for the high diastereo-selection in the cyclisation process.
Secondly the lR_IR NOESY spectrum is in contradiction with this hypothesis since no NOE
effect between any of the four non-equivalent - OCR3 protons themselves or between the-
OCR3 protons and the - OCR2C6RS protons are observed. The existence of a non-C,
symmetric isomer would require a set of such NOE contacts.
A second more likely explanation for the observed spectra assumes the formation of four C3
symmetric rotameric isomers, whose structure can be deduced if it is assumed two different
rotations are involved in the process.
For any of two diastereomeric C3 symmetric isomers 315 and 316 in Figure 79 two
mechanisms of internal rotation are possible and need to be distinguished. Firstly
simultaneous rotation of the aromatic ring by 1800 by rotation around CAr-C=N bonds
produces three distinct rotamers 315 a, 315 band 315 cor 316 a, 316 band 316 c respectively
(Figure 81).
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Rotamers
ROTATION by 180° through ALL the -CH-CAr-CH- bonds
C3-symmetrlc Isomers
Diastereomers
s-tram 315a II Rotamers
ROTATION by 1000 through ONE -CH-CAr-CH- bond
Diastereomers
s-trans 315b
Diastereomers
.. tram 315c
s-trans 318a II Rotamers
ROTATION by 1800 through ONE -CH-CAr-CH- bond
s-tram 318b II Rotamers
ROTATION by 180° through ALL the -CH-CAr-CH-
bonds
Figure 81 Rotation of the aromatic ring by 1800 by rotation around CH-CAr-CH=N bonds
This rotational mechanism has its equivalent in calix[4]arene chemistry. Here through anulus,
rotation of the - OR group interconverts the cone conformation into alternate conformation. In
calix[ 4]arene chemistry the activation energy for this process depends strongly on the size of
the - OR substituents. For - OCH3 e.g. the interconversion through rotation is slow on the
NMR time scale and distinct rotamers can be observed by IH_NMR spectroscopy. However
the rotamers interchange in solution at higher temperature. For an upper rim - OCH2CH2CH3
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substituents, this rotation is frozen and interconversion does not occur in solution even at
higher temperature.
In case oftrianglimine 311, there is no rationale to exclude the simultaneous rotation of the
aromatic ring by 1800 by rotation around both CAr-C=N bonds. Its rate on the IH-NMR time
scale is so far unknown. This conclusion is based on differential NOE effects observed in 311
showing that both rotamers (315 a and c) coexist in solution.
The presence of rotamers is corroborated by the temperature dependent spectra of 311 in ds-
toluene (Figure 82).
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Figure 82 IH-NMR spectra of311 in dg-toluene at 298 K and 363 K
PPM
As it can be seen, the imine signals, the aromatic signals, the -OCH2- signals and the methoxy
signals broaden at higher temperature, indicating an exchange of environment. Variation of
the line shapes with increased temperature is in agreement with a conformational change
rather than chemical interchange of diastereoisomers.
150
In order to rationalise the observed IH_NMR spectra (room temperature and high temperature)
for 311, a second rotational mechanism in trianglimines should be considered. This second
conformational change would involve simultaneous rotation around both HC-N=C bonds.
This rotation if occurring three times is equivalent to a transformation from as-trans
arrangement of the bisimine moiety to an s-ets arrangement (Figure 83).
Diastereomers-
s-trans 315c
It ROTATION through HC=N-CH bond II ROTATION through HC=N-CH bond
x
s-cls 315d s-c/s316d
Figure 83 Possible diastereomeric rotamers for the C2v trianglimines, which interconvert by a rotation through
HC=N-CH bond
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No definite spectroscopic information about the energy barrier required for simultaneous
rotation around the CAr-C=N and HC-N=C bonds in trianglimines is currently available.
Molecular modelling by Gawronski's group 164 argues in favour of a considerable ground state
energy difference between s-trans and s-cis rotamers with preference for the former (as well
as X-ray structures). However, NOE experiments on a series of heterocyclic trianglimines
suggest that in some cases the s-cis conformation is more favourable despite unfavourable
repulsive lone pair-lone pair interactions.r'"
In this hypothesis rotation around the HC-N=C bonds is expected to have a low activation
barrier and consequently is fast on the NMR time scale. However, simultaneous rotation of
the aromatic ring by 1800 by rotation around both CAr-C=N bonds is assumed to possess a high
attivation barrier and is slow on the NMR time scale resulting that rotamers (315 a or 316 a)
are in equilibrium with 315 c (or 316 c) (Figure 81).
As an analogy, the activation barrier for the rotation process in 317 (i'1Gt = 29.4 kJI mol) was
reported.t''"
29.4 kJ/ mol
s-trans/ s-cis
317
Assuming a similar value for 311, rotation around HC-C=N- should be fast on the IH-NMR
time scale at room temperature. The existence of distinct rotamers formed by rotation around
HC-C=N- bond, that could account for the observed NMR spectra can therefore be excluded.
Furthermore such rotamers were never observed for any of the D3htrianglimines synthesised.
In conclusion the 1H-NMR spectrum of 311 with eight signals of similar intensities for the
eight non-equivalent imine protons, eight AB doublets for eight sets of diastereotopic non-
equivalent benzyl protons and four non-equivalent -OCH3 can be rationalised in assuming the
presence of a mixture of one C3 symmetric trianglimines 315 c and one non Cj-symmetric
trianglimine 315 e in a 1:3 ratio. Temperature dependent spectra clearly indicate that the two
species are exchanging in solution pointing towards a I :3 mixture in solution at room
temperature. The rotational process involves simultaneous rotation around two CAr-C=N-
bonds as shown in Figure 84.
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ROTATION by 180° through ONE CA("CH=N bond
+
ROTATION through CH=N-CH- bond
x
s·trans 315c s·c/s 315e
non C3 symmetric dlastareomerlc rotamer
ALTERNATE
C3 symmetric dlastareomerlc rotamer
CONE
(2 lines in the imine protons area) (6 lines in the imine protons area)
Figure 84 Possible rotations, which rationalise the presence of the two diastereomeric rotamers 31Se and 31Se
Similar to calix[ 4]arene chemistry a "cone" conformer and an "alternate" conformer are
present that exchange slowly on the NMR time scale.
The NOE data allow assignment of the diastereomeric rotamers 315 c and 315 e present.
There are a series ofNOE crosspeaks from the -OCH3 resonances to the HC=N imine
resonances present. However any NOE contacts from the -OCH2- signals to the -HC=N
imine signals are absent. This observation can be rationalised in terms of a s-cis conformation
dominating in solution. (Figure 85).
s·cls 315.
Figure 8S Observed coupling through space between CH=N- and -OCH3 (lH_IH NOESY spectrum in CDCI3;
500MHz)
153
Furthermore it appears as if the imine lone pair-oxygen lone pair repulsion is more
pronounced for the -OMe moiety as compared to the -OBn moiety. To explain the observed
NOE crosspeaks from the - OCR3 resonances to the RC=N imine resonances and the presence
of the C=N lone pair-oxygen lone pair repulsion, as expected according to the VSEPR theory,
the compound formed must be 315 e. The C=N-Ione pair-oxygen lone pair repulsion seem to
be the dominating factor, producing exceptionally high diastereoselectivity in the [3+3]
cyc1ocondensation process.
Itmust be stressed that, to further consolidate the hypothesis to have two rotamers 315 c and··
315 e (s-trans and s-cis, respectively), suitable substituted trianglimines must be obtained that
allow a full investigation of these conformational pathways by NMR spectroscopic methods
(EXSY spectroscopy) or single crystal X-ray analysis.
The spectroscopic data for the other three trianglimines (309, 310 and 312) agree perfectly
with those of 311 and corroborate the purity and composition of the C2v trianglimines. As an
example 13C-NMR spectrum of312 has been chosen to confirm this statement (Figure 86).
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N N" 5R'~oo*o-. OCH, _~
, -- OCH,
.~L J ,.&1. \,0", J1J l .J .1..~~
'-or ,~"'" '" ".,
150 100 50 PPM
Figure 86 13C_NMR spectrum of312 inCDCl3 (67.5 MHz)
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The possible assignments are listed in Table 34.
Bvalues {P¥m} Assignments"
1st rota mer 2" rota mer
157.15 156.49 -CH=N-
136.91 136.47 C7' or Cg
132.56 132.54 C7' or C8
72.59 71.66 -OClh-CH2- or -CH2-OCH3
69.34 69.24 -OCH2-CH2- or -CH2-OCH3
60.19 59.59 N-CHringor -OCH3 or Ph-OCH3
55.33 54.31 N-CHringor -OCH3 or Ph-OCH3
51.39 51.08 N-CHringor -OCH3 or Ph-OCH3
33.44 33.19 -CH2- ring
25.07 25.01 -CH2- ring
Table 34 Assigmnents for the carbons in the 13C_NMR of312 (67.5 MHz);
aCq are not detectable
4.2 IH-NMR Titrations
As mentioned in Chapter 3, lH-NMR spectroscopy is one of the most important methods to
qualitatively and quantitavely investigate the formation of complexes. In general, when the
guest molecule penetrates into the cavity of the host, a few (or sometimes the all) protons of
the guest will show a significant upfield or downfield shifts. Measurements of chemical shifts
changes as a function of concentrations are called lH-NMR titrations. The evaluation of the
association constant (Ka) is usually performed by curve fitting.
Pesticides
In this thesis the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) 318 and the related
molecule 3-chlorophenoxyacetic acid 319 have been chosen as potential guests in the study of
the binding with the new triangular macrocyc1es.
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2,4-D is considered a moderately strong poison with a lethal dose of 375 mg/kg for the rat
(LD50 is a statistical estimate of the number ofmg of toxicant per kg of body weight required
to ki1150% ofa large population of test animalsj.i'"
The widespread use of pesticides in an attempt to increase crop production has generated a
series of toxicological and environmental problems, particularly in developing countries. In
the past two decades, the herbicides have represented the most rapidly growing section of the
agrochemical pesticide business.242 The result has been a plethora of chemically diverse
structures, the aim being to protect desirable crops and obtain high yields by selectively
eliminating unwanted plant species. The interest in and apprehension of phenoxy herbicide
residues in the environment are undoubtedly related to their extensive use, their toxicityi" and
their long residual activity in soils and also in water, due to the low microbial activity.f" The
current controversy around these chemicals centers on demonstrated or suspected
mutagenicity, teratogenicity and/ or carcinogenicity, associated either with the agents or with
contaminants and by-products of manufacture found in traces amounts in technical-grade
material.
2,4-D was the first successful selective herbicide developed. Itwas introduced in 1946, and
rapidly became the most used herbicide in the world. The chlorophenoxy herbicides are no
longer the agents of choice because of concerns over the formation of chlorinated
dibenzofurans and dibenzodioxins, particularly 2,3,7 ,8-tetrachlorodibenzo-p-dioxins (TCDD),
as a consequence of poorly monitored manufacturing practices or improper product storage.
However, since they are still used in developing nations around the world, their toxicology
cannot be ignored.
Accidental and/or occupational intoxications have been recently reviewed.245 The acute
symptoms of exposure included skin, eye, and respiratory tract irritation, severe muscle pain
and acneiform eruptions. In effect chloracne has been the most persistent effect observed in
almost all incidents of chlorophenoxy herbicide exposure.
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During the Vietnam conflict 2,4-D was used to defoliate jungle areas as a component of the
"Agent Orange".246 Its toxicity has been a topic of extensive research but no definite
conclusions on the carcinogenic, mutagenic and genotoxic effects of this compound have been
drawn. While exposure to this persistent contaminant can be verified by blood analysis of
veterans, the multifaceted nature of the adverse effects has precluded a definitive
association.f" Epidemiologic studies of cancer in farmers and others occupationally exposed
to chlorophenoxy herbicides for long periods of time have suggested an association with soft
tissue sarcomas, non-Hodgkin's lymphoma and Hodgkin's lymphoma without any definitive
conclusions.i'" However, the concern persist, particularly in developing countries where use
continues and in Vietnam, where exposure was so heavy.
Experimental procedure
The trianglimine 303 was chosen to test the possible binding with 318.
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To make sure binding phenomena and not acid-base chemistry were involved in the titration
process a preliminary experiment was performed. IH-NMR spectra of the host and the guest
were recorded separately. Subsequently a host-guest mixture was prepared ([303] = 0.014 M;
[318] = 0.043 M in CDC h) and the IH-NMR spectrum was recorded. After the comparison of
the chemical shifts in the mixture with that of the pure samples it was recognised changes in
chemical shifts took place. In theory, the changes could be due to the binding or to possible
acid-base chemistry. Inorder to rule out the latter option, the original host-guest mixture
sample was diluted by a factor of three and another IH-NMR spectrum was recorded. In the
case under examination, a change in chemical shifts compared to the initial mixture was
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detected. The hypothesis to be in presence of binding was corroborated but at this level it
needed to be proved and outlined more in detail. The evaluation of the binding stoichiometry
and association constant of the host 303 and the guest 318 was performed and discussed as
follows.
A stock solution of303 in CDCh (0.03 M) was prepared. The experiment consisted of
holding the host at constant concentration and varying the concentration of the guest. Fifteen
NMR tubes were each filled with 67.0 /-llof the host solution and an adequate amount
(between 4.7 ul and 475 ul) ofa solution of318 in CDCh (0.04 M). Each solution was
brought to 0.6 ml with the adequate amount ofCDCb (between 528.3 ul and 58.0 ul). IH_
NMR spectra of the mixtures were recorded at 24 DC,using a Broker Avance DRX-500 MHz
spectrometer. The changes in the chemical shifts of all the protons in 318 were monitored. At
the highest concentration of the guest the main process involved was the hydrolysis of the
imine, suggesting significant protonation or at least general acid catalysis. For this reason the
correspondent values were not reported in the graph (Figure 87). In Figure 87 is shown the
trend of the .18 changes in the chemical shifts of the proton - H3 of318, verified when the
concentration of318 itself increases. The shape of the titration curves are not perfect in some
cases and this should be taken into consideration. This might be due to the possibility of
having acid-base chemistry involved in the process, which should be considered at any stages
of the experiment.
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"Figure 87 Chemical shift changes of proton H3 in 318 during the titration with 303 in CDCI3; [303] = 0.003 M
• with reference to Figure 87 the values on the graph should not be considered as significant figures
From the qualitative point of view, the trend of the .18 of - H3 could be considered the best
when compared to a theoretical ideal situation. These values were used to calculate K; IH_
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NMR titrations carried out on similar trianglimines clearly indicated the presence of a 1:1
[host]: [guest] cornplex.i'"
The expression for the stepwise equilibrium constant K]] of an aqueous solution where 1:1
[host]:[guest] complex is present is derived as follows:25o
HG KII = [HG]/ [H]free[GJrree (4.1)
Mass balance gives:
CH = [H]free+ [HG] (4.2)
(4.3)CG = [G]free+ [HG]
The chemical shift of H, is given by:
(4.4)
where 8G is the chemical shift of - H3 in pure 318 (Guest), 8]] is the chemical shift of -H3 in
pure 1: 1 complex, flOand f11are the mole fractions of 318 pure and complexed as 1: 1,
respectively:
(4.5)
Taking into account equations (4.1) and (4.3), the equations (4.5) can be transformed to:
flO= [G]/ CG =
1
(4.5 a)
1 +KII [H]free
fll = [HG]/ CG = (4.5 b)
1 +KII [H]free
flO+ f II = 1 (4.6)
From the eqs (4.4) and (4.6) it follows:
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where ~8° is the difference between the chemical shifts of free and complexed species
(4.7)
Eqs (4.7) can be expressed as well in the following way:
11 [H]free + K 1l
~80bs is experimentally measured, ~8°11 and Kll are variables to be estimated. Non linear
least-squared fitting was performed on Micro Math Scientific Programme.
Kal calculated for the complex [303]:[318] of stoichiometry 1: 1 was 86.9 M-I.
To test the ability of303 to act as host, the same procedure was repeated using 319 as guest. A
stock solution of303 in CDCh (0.03 M) was prepared. During the titration the host was held
at constant concentration and the concentration of the guest was varied. Fifteen NMR tubes
were each filled with 66.0 III of the host solution and an adequate amount (between 4.0 III and
106.6 Ill) ofa solution of319 in CDCh (0.05 M). Each solution was brought to 0.8 ml with
the adequate amount ofCDCh (between 730.0 III and 627.4 Ill). IH_NMR spectra of the
mixtures were recorded at 240 C. The changes in the chemical shifts of all the protons in 319
were monitored. At the highest concentrations of the guest the main process involved was the
hydrolysis of the imine, suggesting significant protonation or at least general acid catalysis. In
Figure 88 are reported the chemical changes of the proton _H3. Here, the trend was closer to
ideal behaviour.
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"Figure 88 Chemical shift changes of proton H3 in 319 during the titration with 303 in CDCI3; [303] = 0.0025 M
•with reference to Figure 88 the values on the graph should not be considered as significant figures
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The values of the chemical shifts of proton - H3 in 319 were chosen to calculate Ka2. The
obtained value was 156.9 M-I.
Although both of the calculated values (Kal and Ka2) show an order of magnitude much
smaller if compared with other K, values for ordinary strong binding (103 M-I or more), the
difference between them possibly confirms the presence of a stronger binding for the complex
1:1 [303]:[319].
After the behaviour of trianglimine 303 was studied, a differently functionalised trianglimine
306 was tested as a host. A IH-NMR titration of this trianglimine and 318 as the guest was
performed.
306 318
The standard procedure previously described was adopted. A stock solution of 306 in CDCh
(0.023 M) was prepared. The experiment consisted of holding the host at constant
concentration and varying the concentration of the guest. Fifteen NMR tubes were each filled
with 133.0 j.!lofthe host solution and an adequate amount (between 7.5 j.!land 200.0 ul) of a
solution of 318 in CDCh (0.045 M). Each NMR tube was brought to 0.8 ml with the adequate
amount ofCDCh (between 659.5 j.!land 467.0 ul), IH-NMR spectra of the mixtures were
recorded at 24 °C. The changes in the chemical shifts of all the protons in 318 were
monitored. At the highest concentrations of the guest the main process involved was the
hydrolysis of the imine, suggesting significant protonation or at least general acid catalysis.
For this reason the correspondent values were not reported in the graph (Figure 89). In
Figure 89 the chemical changes of the proton H3 are reported.
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"Figure 89 Chemical shift changes of protons (H3) in 318 during the titration with 306 in CDCI3; [306] = 0.004 MI
"with reference to Figure 89 the values on the graph should not be considered as significant figures
In the IH_NMR titration, proton H3 showed a trend, which could be considered the most
adequate to calculate Ka, using the same least-square fitting curve programme. The calculated
Ka3 was 10.5 M-I. Itwas worth comparing the values of K. and Ka3 for the binding of303
and 306 with 318 (Figure 90). As it can be seen, 303 presented a higher value (Kat = 86.9 M
I), which might involve a stronger binding. On the other hand, the weakness of the binding in
the complex [306]:[318] might be due to the steric hindrance of the phenyl groups present in
306, which do not allow guest 318 to get into the cavity.
'H.NMR Titration (H,)
0.12
0.11
E 0.1
t 0.00
so 0.08
-e
T ........._
1
T
I
I•
0.07
0.08
0.06
0.04
o 2 3 4 8 7
(318) X 10' (mmolfml)
'I#.IVR lIraIiaIlHJ)
0.190 ~
10•186 T <.! -.- ---.~0.19O
J
0.175
0 , 2 3 4 5 • 7 •
(318) X 103 (rrmlIkI1)
"Figure 90 Comparison between the binding of303 and 306 with 318 (H3)
• with reference to Figure 90 the values on the graph should not be considered as significant figures
4.3 Electrospray ionisation mass spectrometry
The structure of the trianglimines 308 and 312 deserves attention due to their pendant
polyether arms, whose arrangement shows some similarity to that of crown ethers.
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Complexes of alkali and alkali metals with crown ethers have been studied over two
decades." The bonding of an alkali metal cation within the cavity of a polyether is largely
electrostatic, and a close match between the size of the cation and the size of the crown is
important if the cation has to be tightly bound in the cavity created by the oxygen donor
atoms. For 18-crown-6, the binding constants increase in the order Li+ < Na+, Cs+< Rb+< K+.
The strongest binding is achieved by K+, principally because this ion possesses the best match
in size to the cavity of 18-crown-6. In each of these cases, the size ratio of the cation to that of
the crown's cavity is in the optimum range of about 0.80-0.97. The ESI-MS of such
complexes has been reported recently by Colton and his co-workers.i"
The ESI-MS technique is very attractive since it requires very small amounts of sample (1
pmole) and allows the relative quantification of species present in equilibrium in diluted
solution. For this reason the electro spray ionisation technique was chosen for studying the
formation of the complexes between trianglimine 308 or 312 and a few alkaline-earth cations.
Experimental procedure
Positive ion mode ESI mass spectra were obtained on a ESI-MS ThermoFinnigan DECA
CQXP Plus.
Sample solutions were introduced into the mass spectrometer source with a syringe pump with
a flow rate of 5 ul-min".
For the trianglimine 308 five different solutions were prepared:
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• 308 in methanol (0.001 M);
• [50 J.lIstock solution 308 in methanol (0.001 M) + 50 J.lIstock solution NaCI04 in
methanol (0.001 M) + 150 J.lImethanol];
• [50 ul stock solution 308 in methanol (0.001 M) + 1 ml stock solution NaCl04 in methanol
(0.001 M) + 150 J.lImethanol];
• [50 J.lIstock solution 308 in methanol (0.001 M) + 50 J.lIstock solution KCI04 in methanol
(0.001 M) + 150 J.lImethanol];
• [50 J.lIstock solution 308 in methanol (0.001 M) + 50 J.lIstock solution CsCI04 in
methanol (0.001 M) + 150 J.lImethanol].
The results are summarised in Table 35.
Ionicradii(A), M. W. (glmol) Foundmlz Relativeabundance
308 (C6oH84N6011) 1081.34 1082.4(M+Ht 100
308 +Na+ Na+1.16 1103.9 1082.6 100
1103.9 16
308 +Na+(excess) 1103.9 1082.1 25
2191.8 10
308 +K+ K+1.52 1121.0 1082.0 100
1121.0 0.4
308 +Cs+ Cs+1.81 1214.9 1082.5 100
1214.7 0.2
Table 35 ESI mass spectrometry; results for 308 + alkali-earth metal cations
a Values from Cotton and Wilkinson252
The data given in Table 35 seemed to indicate that the trianglimine 308 formed a complex
with the Na+ cation, whereas no complexes with K+ and Cs+ were detected (Figure 91). This
result is probably connected with the radius of the cations, although the fact that small
quantities of Na" are ubiquitous has to be taken into account.
When an excess ofNa+ was used, in the ESI spectrum of the complex of308 with Na+ cation a
signal at mlz 2191.8 appeared, indicating a complex 2:1 2[308 + 3Rt +Na+.
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Figure 91 Trianglimine 308, which encapsulate Na+ Molecular model was created using
Chern-3D program (MM2 force filed).
For the trianglimine 312, two different solutions were prepared:
• 312 in methanol (0.001 M);
• [501-11stock solution 312 in methanol (0.001 M) + 50 1-11stock solution NaCI04 in
methanol (0.001 M) + 1501-11methanol].
The results are summarised in Table 36.
M.W.(glmoO Foundmlz Relative abundance
949.2 950.0 100
312 + Na+ 97l.98 949.3 100
1923.4 5
Table 36 ESI mass spectrometry; results for 312 + Na+
In the spectrum of312 with Na+ cation, together with the molecular ion, only a signal at mlz
1923.4 appeared, indicating the presence of a 2:1 complex 2(312 +H)+ +Na+.
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4.4 Conclusions
Two general synthetic methodologies for the synthesis of aromatic dicarboxyaldehydes using
two different strategies have been developed: the former provided the oxidation of a benzylic
alcohol, as the main step; the latter dealt with the double bromination-double lithiation of the
1,4-dihydroxybenzene with varying functionalities (Figure 92).
FIRSTSTRATEGY
OH 0 OH 0
H~OO
Mn02
H~H
~COOCH3
Br
Toluene(reflux) NaHlDMF
CH3 CH3
72 h
249 250
SECONDSTRATEGY
?R Br*~:Br *OR CHil: CHO"- n-BuLior I-BuLi inTHF "-
or I ------- or I h-
Br Br h- DMFIHCI OHC OHC
OR /0 OR /0
R--EI 292 298
R" -Pr 293 299
Roo -Bu 294
Roo -CH2C4H6 295 300
R .. -CH2(P-F)C4H6 296
R" -CH2CH20CH3 297 301
Figure 92 Synthesised dialdehydes (FIRST and SECOND strategies)
Only few methods to obtain dibrominated aromatic compounds could be applied to our target
molecules. The validity of the bromination using bromine in AcORI AcONa at T = 16°C, has
been demonstrated by this research. Furthermore, the bromine-lithium exchange reaction was
applied for the first time and conditions were optimised.
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All aromatic dialdehydes have successfully undergone macrocylisation reactions with (1R,
2R)- cyclohexane-l,2-diamine 248. New trianglimine macrocycles have been obtained as the
product of[3+3] cyclocondensation. All macrocycles derived from un-symmetric dialdehydes
adopted a conformation of the highest possible symmetry in solution. Although in a few cases
the yields were poor, the analytical behaviour of all the synthesised macrocycles was
investigated in detail. The detailed analysis of the spectroscopic features of the un-symmetric
trianglimine 309-312 is worth of mention. According to the studies performed it was
suggested two interchanging rotamers s-trans and s-cis were present. This hypothesis
perfectly suited the spectroscopic evidence.
All compounds synthesised could be building blocks for macrocyclic chemistry and valuable
receptor molecules in supramolecular chemistry. Furthermore, due to the generality of the
macrocyclisation procedure macrocycles with varying ring size and tunable lipophilic cavities
could be synthesised. They could be differently functionalised and their electronic properties
could be slightly changed by variation of the dialdehydes component. The full
characterisation of the trianglimines led to strengthen the scientific knowledge about these
macrocylic compounds.
The most challenging and exciting part of this project involved the evaluation of the possible
binding between two trianglimines and (2,4-dichlorophenoxy)acetic acid and (meta-
chlorophenoxy)acetic acid. This pioneering attempt has been promising, according to the
obtained results. Nobody worked on the same subject, before or during the drawing up of this
thesis. The results showed the cavity ofthese macro cycles could be an optimum site where
binding of small organic molecules can occur. Although there is no clear evidence of the
binding occurring in all the cases under investigation, the binding of (2,4-
dichlorophenoxy)acetic acid 318 and macrocycle 303 has been accomplished and supported
by 'H-NMR titrations.
Trianglimines 308 and 312 were analysed in their ability to encapsulate alkali metal cations.
Trianglimine 308 showed a strong preference for Na+ cation.
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5. Experimental
5.1 General experimental
IH and 13C-NMR spectra were recorded on a JEOL GSX 270 MHz and a Bruker Avance
DRX-500 MHz spectrometer. Standard Bruker 2-D software was used for spectral
processing.
Chemical shifts are reported as <>values in ppm relative to TMS (<>= 0.00 ppm) when d6-
DMSO or d8-toluene are used or to CDCh (<>= 7.26 ppm) for IH-NMR and relative to CDCh
(<>c= 77.0 ppm) for 13C-NMR. Coupling constants (J) are quoted in Hz. Peaks assignments
in the proton NMR are abbreviated as follows: s = singlet, d = doublet, dd = doublet of
doublets, t = triplet and m = multiplet. For the assignment ofNMR signals for trianglimines
always the first proton! carbon for the first of the three repeating units is quoted.
Microanalyses were carried out using a Leeman CE 440 automatic elemental analyser. It
should be noted that elemental analysis has often been criticised by other authors as an
inappropriate criterion for purity in synthetic macrocyclic chemistry due to the inclusion of
solvent molecules.253 It is with this in mind that common solvent impurities can be included
in the elemental calculation provided there exists corroboration within other spectra. The
elemental analysis data, some of which are satisfactory and some are not, are all included.
Purity of the compounds with non-satisfactory elemental analysis was demonstrated by ESI
mass spectrometry or by accurate mass spectrometry.
Infrared spectra were determined on a Perkin-Elmer 200 spectrometer. Optical rotations
were determined on a Bellingham and Stanley ADO 220 polarimeter. Optical rotations are
given in 10-1 deg cm2 g-I and were determined at two concentrations. The mass spectra (mlz)
were recorded either at the EPSRC National Mass Spectrometry Service Centre in Swansea
or using a ThermoQuest Finnigan MAT 95 XL spectrometer. ESI-MS spectra were recorded
on a ThermoFinnigan DECA CQXP Plus.
Thin layer chromatography (TLC) was carried out on commercially available pre-coated
plates (Merck Kieselgel60 F254silica). All chemical/reagents were purchased from either
Aldrich or ACROS Chemical Companies and used without further purification unless stated
otherwise. Solvents were dried and purified according to the standard procedures.i'"
Melting points were determined on a Kofler hot stage apparatus and are uncorrected. All
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compounds are named using the !UPAC nomenclature. The nomenclature of the
trianglimines will be explained in detail as follows.
Nomenclature of the Trianglimines
In naming all the compounds I conformed to the !UPAC's rules for annulenes, when
possible.f" As regards the Trianglimines, I numbered them, starting from the nitrogen and
paying attention to end with the higher number possible (when the trianglimines had a C2v
symmetry). I have always chosen the larger ring as basic structure. Trianglimine 147 is a
good example, which shows how to number the trianglimines.
M8o5 11ON' 7 ~,}3Q4 12
2 -,~ 14
~
/"N 1 1tJ0.16
32 17s-: 29' 18's-: 18
31 I 23 I
30 ~ _J6 N_ 21~ 19
29 28 27204 22 20
(2R,3R, 13R, 14R, 24R, 25R)-1, 4, 12, 15, 23,
26-Hexaaza-(2, 3: 13, 14: 24, 25)-trlbutano-(6, 10: 17,21:
28, 32)-trlmetheno-(2H, 3H, 13, 14H, 24H, 25H)-hexahydro
(33) annulene 147
147
The carbons in the aromatic ring, which are not included in the principal numbering system
are named as prime.
The nomenclature of the trianglimines emphasises the following features:
• The position of the stereocentres;
• The position of the nitrogen;
• The numbering of the carbons linked to the nitrogen, in the cyclohexane;
• The numbering of the carbons (not positioned in the main annulene) in the benzene rings
(named as prime).
These are the basic rules I followed and applied in all the cases. When the trianglimines
have got two different substituents in the "aromatic bridge" I named that of higher priority
with the smaller number as specified with the triangular macrocycle 309.
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(2R,3R, 12R, 13R, 22R, 23R)-1, 4, 11, 14,21, 24-Hexaaza-(2, 3: 12,
13: 22, 23)-trlbutano-(7, 17, 27)-trlethoxy-(S'1S', 2S')-trlmethoxy-(6,
9: 16, 19: 26, 29)-trletheno-(2H, 3H, 12H, 22H,
23H)-hexahydro-(30)annulene 309
309
(2R,3R, 13R, 14R, 22R, 24R)-1, 4,11,14,21, 24-Hexaaza-(2, 3: 12, 13: 22, 23)-tributano-
(6,9: 16,19: 26, 29)-trietheno-(2H, 3H, 12H, 13H, 22H, 23H)-hexahydro (30) annulene
146164
146
To a solution of (JR, 2R)-cyclohexane-l,2-diamine 248 (0.20 g, 1.7 mmol), in anhydrous
dichloromethane (CH2Cb) (1.5 ml), at 0 °C was added a solution ofterephthalaldehyde (0.23
g, 1.7 mmol) in anhydrous dichloromethane (1.5 ml). The mixture was stirred at room
temperature for three hours and the solvent was evaporated. The residue was recrystallised
from ethyl acetate to give the title compound 146 (0.548 g, 86.0%) as a white solid. Mp. >
320°C (lit.164 > 360°C); [a] D 25 = - 352 (c 0.5, CHCh, 1 dm), (lit.164 - 356, c 0.5, CHCh, 1
dm); IR Vmax (nujol)/ cm-I 1645 (-C=N); IH-NMR (270 MHz, CDCh) DH: 8.14 (6H, s, -
CH=N-), 7.52 (12H, s, -Ar), 3.36 (6H, s, -CH-N-), 1.94-1.39 (24H, m, -CHr).
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(2R,3R, 13R, 14R, 24R, 25R)-I, 4,12,15,23, 26-Hexaaza-(2, 3: 13,14: 24, 25)-tributano-
(6,10: 17,21: 28, 32)-trimetheno-(2H, 3H, 13, 14H, 24H, 25H)-hexahydro (33) annulene
147164
8
7 -..;:: 9
5 61 ~ 10
Q-N/, ~'''):J
2~N1 ~N0.'/
~N N_ :1o
147
To a solution of (1R, 2R)-cyclohexane-l,2-diamine 248 (0.20 g, 1.7 mmol), in anhydrous
dichloromethane (CH2Ch) (1.5 ml), at 0 °C was added a solution of isophthalaldehyde (0.23
g, 1.7 mmol) in anhydrous dichloromethane (1.5 ml). The mixture was stirred at room
temperature for three hours and the solvent was evaporated. The residue was recrystallised
from ethyl acetate to give the title compound 147 (0.511 g, 80.1%) as a white solid. Mp.
260-263 °C (lit.164 260 °C); [a] D25 = - 179 (c 0.5, CHCl), 1 dm), (lit.l64 -177, c 0.5, CHCl),
1 dm); IR Vmax (nujol)/ cm-11650 (-C=N-); IH-NMR (270 MHz, CDCl) ()H: 8.31 (6H, s,-
CH=N-), 7.98 (3H, s, -Hd, 7.53 (6H, bs, -H7 and -H9), 7.25 (3H, t, J 8.3, -Hs), 3.35 (6H, s, -
CH-N-), 2.10-1.13 (24H, m, -CH2-).
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(2R,3R, 13R, 14R, 24R, 25R)-I, 4,12,15,23,26- Hexaaza-(2, 3: 13,14: 24,25)-
tributano-(7', 18', 29')-trihydroxy-(8, 19, 30)-trimethyl-( 6, 10: 17, 21: 28, 32)-
trimetheno-(2H, 3H, 13H, 14H, 24H, 25H)-hexahydro (33) annulene 149166,167
149
A solution of 2-hydroxy-5-methylisophtalaldehyde 250 (0.1 g, 0.61 mmol) in anhydrous
dichloromethane (3.0 ml) was added to a solution of (JR, 2R)-cyc1ohexane-1,2-diamine 248
(0.069 g, 0.61 mmol) in anhydrous dichloromethane (1.5 ml) at 0 QC. The mixture was
stirred at room temperature for three hours and the solvent evaporated under reduced
pressure. The residue was recrystallised from dimethylformamide (DMF) to give the title
compound 149 (0.152 g, 35.0%) as a light yellow solid. Mp. 319°C (lit.166,167316_320 QC);
[a]D 25= - 157.9 (c 0.09, CHCh, 1 dm) (lit.166,167[a]D 27= - 239 (c 1, CH2Cb); IR Vrnax
(solution in CHCh)/ ern" 3585 (-OH), 1638 (-CH=N-); IH-NMR (500 MHz, CDC h) DH:
13.87 (3H, s, -OH), 8.66 (3H, s, -CH=N-), 8.20 (3H, s, -CH=N-), 7.59 (3H, s, -Ar), 6.94 (3H,
s, -Ar), 2.13 (9H, s, Ar-CH3), 1.8 - 1.2 (30H, m, -CH2-, -CH-); 13C-NMR (67.5 MHz, CDCh)
Dc: 164.19 (-CH=N-), 160.17 (-CH=N-), 156.93 (Cd, 152.79 (CB), 134.82 (C6 or CIO),
130.24 (C6 or CIO), 130.02 (C7 or C9), 127.56 (C7 or C9), 75.99 (-CH-), 73.83 (-CH-), 33.97
(-CH2-), 33.62 (-CH2-), 25.01 (-CH2-), 24.88 (-CH2-), 20.57 (-CH3); found (Cl) 727.4286 [M
+H+], C45H55N603requires 727.4330; mlz (FAB) 727.0 (100%, M + H+).
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(lR, 2R)-Diaminocyclohexyl-(+)-L-tartrate 248 a 256
248 a
Trans-cyc1ohexane-1,2-diamine (28.33 ml, 0.236 mol) was added to a solution of (2R, 3R)-
(+)-tartaric acid (35.4 g, 0.236 mol) in distilled water (200 ml) at a rate such that the reaction
,"
temperature just reached 70 °C. After 30 minutes at 70 °C, the mixture was cooled to 0 °C
and the precipitate was collected, washed with distilled water (30 ml) and dried by suction.
The residue was recrystallised from distilled water (100 ml) to give the title product 248 a
(25.5 g, 40.8%) as a white solid. Mp. 2350 C; [a]25D = 13.7 (c 0.4, H20, 2 dm) (lit.25613.0, c
0.4, H20, 2 dm); IR Vmax (nujol)/ ern" 3406 (-NH3+), 3334 (-NH3+), 3161 (-OH), 1646
(C02-), 1591 (C02-), 1459 (NH/), 1375 (C02), 1133, 735; mlz (El): 265 (10%, M + H+),
229 (80%, M + H+-2 H20); CRN requires for CIOH20N206:C 45.45%, H 7.63%, N 10.60%;
found: C 45.14%, H 7.90%, N 10.48%.
(lR, 2R)-cyclohexane-l,2-diamine 248256
rYNH2
~""'/NH2
248
Decomposition of (JR, 2R)-diaminocyc1ohexyl-(+)-L-tartrate 248 a (10 g, 0.038 mol) with 2
M sodium hydroxide (NaOH) solution (37.8 ml, 0.076 mol), gave (JR, 2R)-cyclohexane-1,2-
diamine, which was extracted into toluene to give the title product 248 (2.3 g, 67.2%) as
yellow needles. [a]25D = - 40.6 (c 0.4, toluene, 2 dm)(lit.256 - 41.8, c 0.4, benzene, 2 dm); IR
Yrnax (nujol)/ cm-I 3350 (N-H), 3210 (N-H), 1667 (N-H), 1460 (-CH2-); IH-NMR (270 MHz,
CDCh) OH: 2.1 (2H, dd, Jee 8.7, Jea 3.4, -CH-), 1.8-1 (8H + 4H, m, -CH2-, -NH2); I3C-NMR
(67.5 MHz, CDCh) Dc: 57.94 (C1-NH2), 35.78, 25.68; found (El) 115.1222 [M + H+],
C6HI5N2requires 115.1230; mlz (El) 115.1 (100%, M + H+).
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2-Hydroxy-5-metbylisopbtalaldebyde 250167,217
o OH 0
H~H:V~
15
CH3
250
Activated manganese dioxide" (Mn02) (15 g, excess), was added to a solution of2,6
bis(hydroxymethyl)-4-methylphenol 249 (0.5 g, 3 mmol) in toluene (30 ml) at room
temperature. The mixture was stirred for 72 hours at reflux. Unreacted Mn02 was filtered
throught Celite® (twice) by suction, and washed with ethanol (200 ml). The organic
solution was dried over anhydrous NaS04, filtered and evaporated under reduced pressure.
The residue was recrystallised from toluene to give the title compound 250 (0.2 g, 40.6%) as
a yellow solid. RfO.73 [ethyl acetate-hexane (1:1)]; mp. 131°C (lit.217133.5 QC);IR Vmax
(nujol)/ cm" 3000 (-OH), 1683 (-CHO); IH-NMR (270 MHz, CDCh) ~H: 11.45 (lH, s, -OH,
exchanges when treated with D20), 10.21 (2H, s, -CHO), 7.7 (2H, S, H4 and H6), 2.38 (3H, s,
-CH3); 13C-NMR (67.5 MHz, CDCh) ~c: 193.05 (CHO), 162.14 (C2), 138.64 (C5), 130.11
(C4 and C6), 123.46 (Cl and C3), 20.46 (CH3); found (El) 165.0546 (M +H+), C9H903
requires 165.0546; mlz (Cl): 165.1 (95%, MH+).
* Mn02 was prepared from manganese carbonate (MnC03). MnC03 was left over four days
in a oven (Pyrotherm Furnace) at 230°C. Itwas washed with nitric acid (15%) and with
distilled water till pH 7 was reached, filtered and dried in the oven at 230 °C overnight.
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2,6-Bis(hydroxymethyl)-4-methyl-l-tosylbenzene 251217
251
8 M Sodium hydroxide solution (lml) was added to a solution of2,6-bis(hydroxymethyl): ..4-
methylphenol249 (2 g, 12 mmol) in distilled water (15 ml) at room temperature .. The
mixture was stirred for 30 minutes.. A solution of p-toluenesulphonyl chloride in 5 ml
toluene (2..26 g, 12 mmol) was added to this solution at the same temperature .. The solution
was stirred for 20 hours, at which time an aqueous and an emulsified phase were present..
The mixture was cooled in an ice- water bath, and toluene (5 ml) was added with stirring ..
After 10 minutes, additional toluene (5 ml) was added, at which point solids were evident..
After 1 hour, the final amount of toluene (10 ml) was added.. This slurry was stirred for 15
minutes and the white solid was collected by vacuum filtration and washed with toluene ..
The residue was recrystallised from petroleum ether to give the title compound 251 (2..86 g,
74 ..0%) as white needles .. Mp ..65°C; IR Vmax (nujolj/cm": 3307 (-OH), 1376 (-S02-), 1193
(-S02-); lH-NMR (270 MHz, CDCh) bH: 7..90 (2H, d, J 7..9 Hz, -Hr), 7..43 (2H, d, J 7..9 Hz,-
H3), 7..30 (2H, s), 4 ..77 (2H, bs, -OH, exchanges when treated with D20), 4 ..53 (4H, s, -
CH20H), 2..49 (3H, s, -CH3), 2..36 (3H, s, -CH3); 13C-NMR (67 ..5 MHz, CDCh) be: 146..93
(C1-OS02-), 142..25 (C4,-CH3), 138..83 (Cl'-S), 135..45 (CrCH3), 131.71 (C3-H), 130..69 (C2-
CH20H), 129..06 (C2-H), 128..9 (C3,-H), 60 ..58 (-CH2-OH), 22..28 (-CH3), 21.38 (-CH3); mlz
(Cl) 305 (100%, M + H+ - H20), 290 (M + H+-[H20 + CH3]); CRN requires for CI6H1SOSS:
C 59..61%, H 5..63%; found C 59..65%, H 5.75%.
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5-Methyl-2-tosyl-isophthalaldehyde 252217
252
A solution of sodium dichromate dihydrate (1.76 g, 5.9 mmol) in glacial acetic acid (15 ml)
was added dropwise to a refluxing solution of 2,6-bis(hydroxymethyl)-4-methyl-l-
tosylbenzene 251 (0.5 g, 1.5 mmol) in glacial acetic acid (12.6 ml) over a period of35
minutes. After addition was complete, stirring at reflux was continued for 10 minutes. The
solution was then allowed to cool slowly to room temperature. The solid, which had formed
was collected by vacuum filtration and washed with distilled water. The residue was
recrystallised from ethyl acetate to give the title product 252 (0.205 g, 43.0%) as a pale green
solid. RfO.75 [ethyl acetate-hexane (1:1)]; mp. 125°C (lit.217129°C); IR Vmax (nujol)/ ern"
1702 (-CHO), 1378 (-S02-)' 1199 (-S02-); IH-NMR (270 MHz, CDCh) 8H: 10.10 (2H, s,-
CHO), 7.95 (2H, s, H4 and H6), 7.71 (2H, d, J 8.6, -Hl')' 7.38 (2H, d, J 8.6, -Hr), 2.48 (3H, s,
-CH3), 2.46 (3H, s, -CH3); I3C-NMR (67.5 MHz, CDCh) 8c: 187.12 (-CHO), 148.04 (C2-O),
139.42 (C4,-CH3), 135.14 (C5-CH3), 131.23 (Cr),131.10 (C4-H or C6-H), 130.55 (C4-H or
C6-H), 130.02 (C2, or C3), 129.43 (Cl' or C3), 22.35 (C4,-CH3), 21.31 (Cs-CH3); found (El)
319.0667 (M + H+), CI6H1SOsSrequires 319.0686; mlz (Cl): 319 (100%, M + H+), 164 (M +
H+-S02C7H7).
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2,6-Diformyl-4-methylphenoxy methylacetate 255
COOCH3
o 0) 0
"\Y"
CH3
255
A solution of 2-hydroxy-5-methylisophtalaldehyde 250 (0.1 g, 0.61 mmol) in anhydrous ..
DMF (3 ml) was added to a stirred suspension of sodium hydride (NaH) (0.048 g, 1.22
mmol), in anhydrous DMF (2 ml), at room temperature under a dry nitrogen atmosphere.
The solution was stirred for 15 minutes. Methylbromoacetate (116,.d, 1.22 mmol) was
added to this solution. The reaction mixture was stirred for three hours at room temperature.
The solvent and the methylbromoacetate (bp. 145°C) in excess were removed under reduced
pressure. The residue was recrystallised from diethyl ether to give the title product 255
(0.073 g, 51.0%), as a light yellow solid. Mp. 33-35 QC;IR Vmax (solution in CHCh)/ cm-1
1759 (-COO-), 1687 (CHO); IH-NMR (270 MHz, CDCh) 3H: 10.41 (2H, s, -CHO), 7.89
(2H, s), 4.77 (2H, s, -CH2-), 3.77 (3H, s, -COOCH3), 2.40 (3H, s, Ar-CH3); 13C_NMR(67.5
MHz, CDCh) 3c: 190.17 (-CHO), 169.50 (-CO-OCH3), 160.74 (Cl)' 136.65 (C4), 135.41
(C3), 129.54 (C2), 72.49 (-CH2-), 52.47 (-COO-CH3), 20.49 (Ar-CH3); found (El) 237.0756
[M +H+], C12H130S requires 237.0758; mlz (Cl): 237 (100%, M +H+), 222 (15%, M +H+-
CH3), 178 (45%, M +H+ - COCH3)'
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(2R,3R, 13R, 14R, 24R, 25R)-I, 4, 12, 15, 23, 26- Hexaaza-(2, 3: 13,14: 24,25)-
tributano-(8, 19, 30)-trimethyl-(7', 18', 29')-tri[4-methylbenzene sulphonate]-(6, 10: 17,
21: 28, 32)-trimetheno-(2H, 3H, 13H, 14H, 24H, 25H)-hexahydro (33) annulene 256
256
To a solution of (1R, 2R)-cyc1ohexane-l,2-diamine 248 (0.036 g, 0.31 mmol) in anhydrous
dichloromethane (CH2Ch) (1.5 ml) at 0 °C was added a solution of 5-methyl-2-tosyl-
isophthalaldehyde 252 (0.1 g, 0.31 mmol) in dichloromethane (1.5 ml). The mixture was
stirred at room temperature for three hours and the solvent evaporated. The residue was
recrystallised from toluene to give the title product 256 (0.216 g, 58.5%) as a light yellow
powder. Mp. 160-163 °C; [a]D 25= - 161.9 (c 0.1, CHCh, 1 dm); IR Vmax (nujol)/ cm" 1633
(-C=N-), 1260; IH-NMR (500 MHz, CDCh) DH: 8.06 (3H, s, -CH=N-), 7.65 (3H, s, -CH=N-
), 7.61 (6H, d, J 7.7), 7.32 (6H, d, J 7.7), 7.25 (3H, s), 7.21 (3H, s), 3.07 (6H, bs, -CH-N),
2.47 - 1.39 (24H, rn, -CH2); 13C-NMR (67.5 MHz, CDCh') Dc: 156.08 (-CH=N-), 155.52 (-
CH=N-), 131.45, 130.68, 130.68, 129.31,74.10 (-CH-N), 33.46 (-CH2-), 33.17 (-CH2-),
25.17 (-CH2-), 24.88 (-CH2-), 21.94 (CH3), 20.69 (CH3); mlz (ESI) 1189.4 (100%, M+); mlz
(FAB) 1190 (10%, M +H+), 793 (10%,2/3 M +H+), 483, 388, 317.
* Cq are not detectable due to the low solubility of 256 in CDCh.
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(2R,3R, 13R, 14R, 24R, 25R)-I, 4,12,15,23,26- Hexaaza-(2, 3: 13,14: 24,25)-
tributano- (8,19, 30)-trimethyl-(7', 18', 29')-tri-(2'-oxopropoxy)-(6, 10: 17,21: 28,32)-
trimetheno-(2H, 3H, 13H, 14H, 24H, 25H)-hexahydro (33) annulene 257
A solution of 2,6-diformyl-4-methylphenoxy methyl acetate 255 (0.07 g, 0.31 mmol) in
anhydrous dichloromethane (1.5 ml) was added to a solution of (1R, 2R)-cyclohexane-1,2-
diamine 248 (0.034 g, 0.31 mmol) in anhydrous dichloromethane (10 ml) at 0 DC. The
mixture was stirred at room temperature for 76 hours. The solvent was evaporated under
reduced pressure. The residue was recrystallised from ethyl acetate-hexane (10:1) to give the
title product 257 (19 mg, 6.0%) as a light brown solid. Mp. 152 DC;[a]D 25= - 100.1 (c 0.01,
CHCh, 1 dm); IR Vmax (CHCh)! ern" 1759 (-CO-O-), 1634 (-C=N-); IH-NMR (500 MHz;
CDC h) OH: 8.29 (6H, s, -CH=N-), 7.52 (6H, s), 4.38 (3H, d, J 8.9, -CHAHBC02CH3), 4.35
(3H, d, J 8.9, -CHAHBC02CH3), 3.61 (9H, s, -COOCH3), 2.48 (9H, s, Ar-CH3), 1.72 -1.36
(30H + 12H, m, -CH2, -CH-); J3C-NMR (67.5 MHz; CDCh) oc: 170.14 (-COOCH3), 157.94
(-C=N-), 136.51 (C7), 133.51 (C6 and CJO), 129.74 (Cs), 129.59 (C7 and C9), 75.59 (-
CH2COOCH3), 75.11 (-OCH3), 52.59 (-CH-), 33.49 (-CH2-), 24.97 (-CH2-), 20.96 (-CH3);
mlz (ESI) 943.4 (75%, M +H+); mlz (FAB): 943 (5%, M +H+), 429.
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1,4-Diethoxybenzene 261257
¢~
~o
261
To dimethyl sulphoxide (20 ml), potassium hydroxide powder' (4.08 g, 72.64 mmol) was
added. After stirring for 5 minutes, hydro quinone 259 (lg, 9.08 mmol) was added, followed
immediately by the iodoethane (5.8 ml, 11.25 g, 36.32 mmol) and sodium iodide (30 mg).
Stirring was continued for two hours, after which the mixture was poured into distilled water
(50 ml) and extracted three times with dichloromethane (3 x 30 ml). The combined organic
extracts were washed with distilled water (5 x 200 ml), dried over anhydrous Na2S04,
filtered and evaporated under reduced pressure. The residue was recrystallised from CH2Clz
to give the title compound 261 (1.25 g, 83.3%) as white needles. Rf 0.80 [Ethyl acetate-
hexane (1: 1)]; mp. 70 QC(lit.25772 QC);IR Vmax (nujol)/ ern" 1508 (C=C), 1283 (O-CH2-);
IH-NMR (270 MHz, CDCh) bH: 6.82 (4H, s, Ar), 3.98 (4H, q, J 7.2, -OCH2CH3), 1.38 (6H,
t, J 7.2, -OCH2CH3); I3C-NMR (67.5 MHz, CDCh) be: 153.72 (CrO), 115.99 (C2),64.52 (-
OC1IzCH3), 15.38 (-OCHzC1I3); mlz (Cl) 167 (25%, M + H+), 152 (95%, M + H+-CH3), 121
(M+-OCHzC1I3); CRN requires for CIOHI402:C 72.26%, H 8.49%; found: C 72.16%, H
8.38%.
• Pellets were ground to powder in an agate mortar.
1,4-dipropoxybenzene 262258
¢~
/'-.../0
262
To dimethyl sulphoxide (20 ml), potassium hydroxide powder (20.4 g, 363.2 mmol) was
added. After stirring for 5 minutes, hydro quinone 259 (5 g, 45.4 mmol) was added, followed
immediately by the 1-iodopropane (17.7 ml, 30.87 g, 181.6 mmol) and sodium iodide (30
mg). Stirring was continued for two hours, after which the mixture was poured into distilled
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water (80 ml) and extracted three times with dichloromethane (3 x 50 ml). The combined
organic extracts were washed with distilled water (5 x 200 ml), dried over anhydrous
Na2S04, filtered and evaporated under reduced pressure. The residue was recrystallised from
CH2Ch to give the title compound 262 (7.38 g, 83.7%) as white needles. RfO.62 [Ethyl
acetate-hexane (1:1)]; mp. 52°C (lit.25850°C); IR Yrnax(nujol)/cm-I 1508 (C=C), 1228 (0-
CH2-); IH-NMR (270 MHz, CDCh) <>H: 6.82 (4H, s, Ar), 3.85 (4H, t, J 7.1, -OCH2CH2CH3),
1.76 (4H, sextet, J 7.1, -OCH2CH2CH3), 1.02 (6H, t, J 7.1, -OCH2CH2CH3); I3C-NMR (67.5
MHz, CDCh) <>c: 153.91 (CI-O), 116.04 (C2), 70.72 (-OCH2CH2CH3), 23.17 (-
OCH2CH2CH3), 10.98 (-OCH2CH2CH3); mlz (El) 195.13 (80%, M + H+), 151.13 (100%,
M+- CH2CH2CH3), 108.13 (M+- 2 x CH2CH2CH3); CRN requires for C12HI802: C 74.19%, H
9.34%; found: C 73.84%, H 9.63%.
1,4-Dibutoxybenzene 263259
263
To dimethyl sulphoxide (30 ml), potassium hydroxide powder (20.4 g, 363.2 mmol) was
added. After stirring for 5 minutes, hydroquinone 259 (5 g, 45.4 mmol) was added, followed
immediately by the l-iodobutane (22.0 ml, 35.13 g, 181.6 mmol) and sodium iodide (30 mg).
Stirring was continued for two hours, after which the mixture was poured into distilled water
(80 ml) and extracted five times with dichloromethane (5 x 50 ml). The combined organic
extracts were washed with distilled water (5 x 200 ml), dried over anhydrous Na2S04,
filtered and evaporated under reduced pressure. The residue was recrystallised from CH2Ch
to give the title compound 263 (6.06 g, 60.1%) as light brown needles. Rf 0.92 [Ethyl
acetate-hexane (1:1)]; mp. 38°C (lit.25938 °-40 QC);IR Yrnax(nujol)/ cm" 1508 (C=C), 1467,
1237 (0-CH2-); IH-NMR (270 MHz, CDCh) <>H: 6.82 (4H, s), 3.90 (4H, t, J 7.1,-
OCH2CH2CH2CH3), 1.76 (4H, quintet, J 7.1, -OCH2CH2CH2CH3), 1.49 (4H, m, J1 7.1, J2
7.4, -OCH2CH2CH2CH3), 0.97 (6H, t, J 7.4, -OCH2CH2CH2CH3); I3C-NMR (67.5 MHz,
CDCh) <>c: 153.91 (CI-OBu), 116.01 (C2), 68.87 (-OCH2CH2CH2CH3), 31.93 (-
OCH2CH2CH2CH3), 19.72 (-OCH2CH2CH2CH3), 14.34 (-OCH2CH2CH2CH3); mlz (Cl) 223
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(100%, M +H+), 166 (15%, M +H+-CH2CH2CH2CH3); CRN requires for C14H2202:C
75.63%, H 9.97%; found: C 75.47%, H 10.37%.
1,4-Dibenzyloxybenzene 264260
264
To dimethyl sulphoxide (50 ml), potassium hydroxide powder (10.2 g, 181.6 mmol) was
added. After stirring for 5 minutes, hydroquinone 259 (2.5 g, 22.7 mmol) was added,
followed immediately by the benzyl chloride (I 0.45 ml, 11.48 g, 90.8 mmol) and sodium
iodide (30 mg). Stirring was continued for two hours, after which the mixture was poured
into distilled water (100 ml) and extracted three times with dichloromethane (3 x 50 ml).
The combined organic extracts were washed with distilled water (5 x 200 ml), dried over
anhydrous Na2S04, filtered and evaporated under reduced pressure. The residue was
recrystallised from CH2Cl2 to give the title compound 264 (5.54 g, 84.1%) as white needles.
RfO.89 [Ethyl acetate-hexane (1:1)]; mp. 128°C (lit.26o128 °-130 °C); IR vrnax{nujol)/ cm"
1515 (C=C), 1235 (O-CH2-); IH-NMR (270 MHz, CDCh) 8H: 7.39 (4H, t, J 7.8, H3), 7.32
(4H, d, J 7.8, Hl')' 7.30 (2H, d, J 7.8, H4), 6.90 (4H, s, H2), 5.01 (4H, s, -OCH2Ph); 13C_
NMR (67.5 MHz, CDCh) 8c: 153.88 (Cl), 137.95 {Cd, 129.24 (Cl' or C3' or C4,), 128.58
(Cl' or C3' or Cr), 128.16 (Cl' or C3, or C4), 116.45 (C2-H), 71.22 (-OCH2Ph); found (El)
291.1344, C20Hl902 requires 291.1380; mlz (Cl) 291.1 (100%, M +H+), 213.1 (8%, M+-
C6HS)'
Di-{4-fluorobenzyloxy)-benzene 265
3' 2'
F~~r-C;;F
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265
To dimethyl sulphoxide (30 ml), potassium hydroxide powder (10.2 g, 181.6 mmol) was
added. After stirring for 5 minutes, hydroquinone 259 (2.5 g, 22.7 mmol) was added,
followed immediately by the 1-{bromomethyl)-4-fluorobenzene (17.16 ml, 26.03 g, 90.8
mmol) and sodium iodide (30 mg). Stirring was continued for two hours, after which the
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mixture was poured into distilled water (100 ml) and extracted three times with
dichloromethane (3 x 50 ml). The combined organic extracts were washed with distilled
water (5 x 200 ml), dried over anhydrous NaZS04, filtered and evaporated under reduced
pressure. The residue was recrystallised from ethyl acetate-hexane (5:1) to give the title
compound 265 (3.07 g, 41.5%) as white needles. RrO.89 [Ethyl acetate-hexane (1:1)]; mp.
128°C; IR Vmax (nujol)/ cm" 1509 (C=C), 1378 (C-F), 1232 (O-CHz-); IH-NMR (270 MHz,
CDC h) BH: 7.39 (4H, dd, JI 8.5, Jz 5.6, Hl'), 7.07 (4H, dd, J1 8.5, Jz 5.6 H3-), 6.89 (4H, s),
4.97 (4H, s, -OCHrW-F)C6H4); 13C-NMR (67.5 MHz, CDCh) Bc: 164.49 (C4" IJCF246.9),
153.27 (Cl), 133.19 (C]', 4JCF3.1), 129.59 (Cl', 3JCF6.9), 116.07 (C3" ZJCF16.5), 115.51 «:
H), 70.22 (-OCHz-W-F)C6H4); found (El) 327.1174, CzoH17FzOzrequires 327.1191; m/z (El)
327 (45%, M +H+), 108 (100%, M+-2 [C7H6F]); CRN requires for CZOHI6FzOz:C 73.61%, H
4.94%; found: C 73.05%, H 4.70%.
1,4-Di-(2-methoxyethoxy)benzene 266261
-0 0-
~0_if=\1 ~
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To dimethyl sulphoxide (50 ml), potassium hydroxide powder (8.1 g, 145.3 mmol) was
added. After stirring for 5 minutes, hydroquinone 259 (2 g, 18.1 mmol) was added, followed
immediately by the 2-chloroethyl methyl ether (6.6 ml, 7.3 g, 72.6 mmol) and sodium iodide
(30 mg). Stirring was continued for four hours, after which the mixture was poured into
distilled water (100 ml) and extracted three times with dichloromethane (3 x 50 ml). The
combined organic extracts were washed with distilled water (5 x 200 ml), dried over
anhydrous NaZS04, filtered and evaporated under reduced pressure. The residue was
recrystallised from ethyl acetate-hexane (1:1) to give the title compound 266 (1.28 g, 31.4%)
as white needles. Rr 0.86 [Ethyl acetate-hexane (1: 1)]; mp. 45°C (lit.z6144°C); IR Vmax
(nujol)/ cm" 1508 (C=C Ar), 1460, 1231 (O-CHz-); IH-NMR (270 MHz, CDC h) BH: 6.85
(4H, s, H), 4.05 (4H, AA' part of AA'XX' system, N 9.4, -OCH2CHz-OCH3), 3.43 (4H, XX'
part of AA'XX' system, N 10.6, -OCHzCH2-OCH3), 3.42 (6H, s, -OCHzCHz-OCH3); 13C_
NMR (67.5 MHz, CDCh) Bc: 153.84 (Cl-O), 116.17 (C2), 71.73 (-OCHzCHzOCH3), 68.44 (-
OCHzCHzOCH3) 59.63 (-OCHzCHzOCH3); mlz (El) 227 (100%, M +H+), 168 (25%, M +
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H+-C3H70), 109 (100%, M + H+- 2 C3H70); CHN requires for C12HlS04: C 63.70%, H
8.02%; found: C 63.33%, H 8.27%.
1,4-Di-(N,N-diethylcarbamoyl)benzene 267262
(_; \_)
o==< -0-)=0
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267
N,N-diethyl-carbamoyl chloride (11.5 ml, 12.3 g, 90 mmol) was added to a solution of
hydroquinone 259 (5 g, 45 mmol) in anhydrous pyridine (15 ml). The solution was stirred at
reflux for two days. After filtration of the solid residues at hot temperature, the mixture was
allowed to cool to room temperature and poured into distilled water (100 ml). The
precipitate was dried under suction and recrystallised from petroleum ether-ethyl acetate
(3:1), to give the title compound 267 (5.93 g, 42.7%) as a white powder. Rf 0.78 [ethyl
acetate-hexane (1:1)]; mp. 98°C (lit.262103 °-105 °C); IR Vmax (nujolj/cm" 1711 (-OCON-),
1461 (C=C Ar), 1275, 1155; IH-NMR (270 MHz, CDCh) DH: 7.09 (4H, s, H), 3.40 (8H, q, J
6.2, NCH2CH3), 1.22 (12H, t, J 6.2, NCH2CH3); 13C-NMR (67.5 MHz, CDCh) Dc: 149.12
(CO-N), 122.96 (Cl)' 116.51 (C2), 42.73 (N-CH2CH3), 13.85 (N-CH2CH3); mlz (El) 309
(90%, M +H+), 209 (100%, M + H+-CONC4HIO); CHN requires for C16H24N204:C 62.32%,
H 7.84%, N 9.08%; found: C 61.97%, H 7.66%, N 7.94%.
1,4-Di-(2' -diethylamino-ethoxy)benzene 268263
268
To dimethyl sulphoxide (30 ml), potassium hydroxide powder (11.4 g, 181.5 mmol) was
added. After stirring for 5 minutes, hydroquinone 259 (2.5 g, 22.5 mmol) was added,
followed immediately by the 2-(diethylamino)ethyl chloride hydrochloride (15.6 g, 90.5
mmol) and sodium iodide (30 ml). Stirring was continued for four hours, after which the
mixture was poured into distilled water (100 ml) and extracted three times with
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dichloromethane (3 x 50 ml). The combined organic extracts were washed with distilled
water (2 x 100 ml) and a 2 M solution of sodium hydrogen carbonate (NaHC03), dried over
anhydrous Na2S04, filtered and evaporated under reduced pressure. The residue was
purified by flash cromatography on silica gel eluting with ethyl acetate-hexane (1:1) to give
the title compound 268 (0.776 g, 11.2%) as an oil. Rr 0.88 [Ethyl acetate-hexane (1: 1)]; IR
Vmax (liquid)/ ern" 2969 (C-H Ar), 1509 (C=C Ar), 1456, 1234 (O-CH2-); IH-NMR (270
MHz, CDCh) DH: 6.77 (4H, s, -Ar), 3.94 (4H, t, J 6.2, -OCH2CH2-NEt2), 2.79 (4H, t, J 6.2,-
OCH2CH2-NEt2), 2.54 (8H, q, J 7.8, -NCH2CH3), 1.01 (12H, t, J 7.8, -NCH2CH3); J3C-NMR
(67.5 MHz, CDCh) Dc: 152.61 (Cl-OCH2CH2NEt2), 115.15 (C2), 66.58 (-OCH2CH2NEt2),
54.82 (-OCH2CH2NEh), 46.26 (-NCH2CH3), 10.91 (-NCH2CH3); found (El): 309.2520,
CIsH33N202 requires 309.2537; mlz (El) 309 (100%, M +H+), 294 (40%, M +H+-CH3).
1,4-Di-(2' -pyridylmethoxy)benzene 269264
5'
~o_A10r04'
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To a solution of hydro quinone 259 (2 g, 18.16 mmol) and potassium carbonate (K2C03)
(11.04 g, 79.9 mmol) in acetonitrile (60 ml), 2-picolyl chloride hydrochloride (5.9 g, 36.33
mmol) was added. The solution was stirred at reflux for 4 days. The reaction mixture was
poured into distilled water (120 ml) and extracted with diethyl ether (3 x 50 ml). The
combined organic layers were washed with brine (2 x 100 ml), dried over anhydrous
Na2S04, filtered and evaporated under reduced pressure. The residue was purified by flash
cromatography on silica gel eluting with ethyl acetate-hexane (10:1) to give the title product
269 (1.3 g, 24.5%). Rr0.33 [Ethyl acetate-hexane (10:1)]; mp. 108°C (lit.264106°C); IR
Vmax (liquid)/ ern" 1591, 1572, 1509 (C=C Ar), 1466, 1255, 1234 (O-CH2-), 1039; IH_NMR
(270 MHz, CDCh) DH: 8.58 (2H, d, J 7.2, H5), 7.71 (2H, d, J 7.6, Hr), 7.63 (2H, dd, JI 7.6,
h 7.8, H3), 7.20 (2H, dd, J 7.8, J 7.2, H4), 6.91 (4H, s, -H2), 5.14 (4H, s, -OCH2Pyr); J3C_
NMR (67.5 MHz, CDCh) Dc: 157.69 (Cd, 153.07 (Cl)' 149.40 (Cs), 137.02 (C3,), 122.78
(C4), 121.49 (C2), 115.95 (C2), 71.40 (-CH2Pyr); mlz (Cl) 293 (10%, M + H+), 201 (20%, M
+ H+-C6H6N); CRN requires for CIsH16N202: C 73.95%, H 5.52%, N 9.58%; found: C
73.29%, H 5.33%, N 9.28%.
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1,4-Bis(2'-chloroethoxy)benzene 270265
Cl Cl~-o-r
270
To dimethyl sulphoxide (30 ml), potassium hydroxide powder (3.1 g, 55.76 mmol) was
added. After stirring for 5 minutes, hydro quinone 259 (0.76 g, 6.97 mmol) was added,
followed immediately by the 1-bromo-2-chloroethane (2.3 ml, 4 g, 27.9 mmol) and sodium
iodide (30 mg). Stirring was continued for four hours, after which the mixture was poured
into distilled water (100 ml) and extracted three times with dichloromethane (3 x 50 ml).
The combined organic extracts were washed with distilled water (5 x 100 ml), dried over
anhydrous Na2S04, filtered and evaporated under reduced pressure. The residue was
recrystallised from ethyl acetate to give the title compound 270 (98 mg, 6.0%) as a white
powder. Rf 0.88 [Ethyl acetate-hexane (1: 1)]; mp. 98°C (lit.265102°C); IR Vmax (nujol)/ ern"
1513 (C=C Ar), 1461, 1241 (O-CH2-); IH-NMR (270 MHz, CDCh) bH: 6.86 (4H, s, H2),
4.18 (4H, t, J 6.3),3.78 (4H, t, J 6.3); 13C-NMR (67.5 MHz, CDCh) be: 153.10 (C1-
OCH2CH2CI), 116.20 (C2), 69.04 (-OCH2CH2CI), 42.19 (-OCH2CH2CI); found (El)
235.0282, CIOH1335Ch02 requires 235.0287; mlz (El) 238.1/236.1/234.1 (85%, M+37CI,
35CI), 173.2/171.2 (100%, M+ 37CI,35CI_c2Hl7CI).
l-Ethoxy-4-methoxybenzene 271266
¢~
/0
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To dimethyl sulphoxide (30 ml), potassium hydroxide powder (9 g, 161.1 mmol) was added.
After stirring for 5 minutes, 4-methoxyphenol260 (5 g, 40.3 mmol) was added, followed
immediately by the iodoethane (6.45 ml, 12.58 g, 80.6 mmol) and sodium iodide (30 mg).
Stirring was continued for three hours, after which the mixture was poured into distilled
water (50 ml) and extracted with dichloromethane (3 x 30 ml). The combined organic
extracts were washed with distilled water (5 x 100 ml), dried over anhydrous Na2S04,
filtered and evaporated under reduced pressure. The residue was recrystallised from CH2Ch
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to give the title compound 271 (4.45 g, 72.5%) as white needles. RrO.83 [Ethyl acetate-
hexane (1:1)]; mp. 38 °C (lit.z6637 °C); IR Yrnax(nujol)/cm-1 1508 (C=C), 1376, 1287 (0-
CHz-), 1045; IH-NMR (270 MHz, CDCh) DH: 6.83 (4H, s, Ar), 4.98 (4H, q, J 7.0,-
OCH2CH3), 3.76 (3H, s, -OCH3), 1.38 (3H, t, J 7.0, -OCHzCH3); 13C_NMR(67.5 MHz,
CDCh) Dc: 154.41 (C4-OCH3), 153.78 (CrOCHzCH3), 116.07 (CrH), 115.26 (CrH), 64.57
(-OCRzCH3), 56.27 (-OCR3), 15.41 (-OCHzCR3); mlz (Cl) 153 (100%, M+); CRN requires
for CIOHI40Z:C 71.03%, H 7.95%; found: C 70.68%, H 8.05%.
I-Propoxy-4-methoxybenzene 272
To dimethyl sulphoxide (30 ml), potassium hydroxide powder (9 g, 161.1 mmol) was added.
After stirring for 5 minutes, 4-methoxyphenol260 (5g, 40.3 mmol) was added, followed
immediately by the 1-iodopropane (7.87 ml, 13.72 g, 80.6 mmol) and sodium iodide (30
mg). Stirring was continued for three hours, after which the mixture was poured into
distilled water (50 ml) and extracted 3 times with dichloromethane (3 x 30 ml). The
combined organic extracts were washed with distilled water (5 x 100 ml), dried over
anhydrous NaZS04, filtered and evaporated under reduced pressure. The residue was
recrystallised from CHzClz to give the title compound 272 (5.40 g, 80.7%) as white needles.
RrO.81 [Ethyl acetate-hexane (1:1)]; mp. 35 °C; IR Yrnax(nujol)/cm" 1509 (C=C), 1465,
1376, 1228 (O-CHz-), 1043; IH-NMR (270 MHz, CDCh) DH: 6.83 (2H, d, J 6.1, H2), 6.77
(2H, d, J 6.1, H3), 4.90 (2H, t, J 7.4, -OCH2CHzCH3), 3.76 (3H, s, -OCH3), 1.77 (2H, sextet,
J 7.4, -OCHzCH2CH3), 1.38 (3H, t, J 7.4, -OCHzCHzCH3); 13C-NMR (67.5 MHz, CDCh) Dc:
154.38 (C4-OCH3), 154.01 (CI-OCHzCHzCH3), 116.08 (CrH), 115.27 (C2-H), 70.72 (-
OCRzCHzCH3), 56.27 (-OCR3), 23.17 (-OCHzCRzCH3), 10.98 (-OCHzCHzCR3); mlz (El)
167 (50%, M +H+), 124 (100%, M +H+-C3H7); CRN requires for CIOHI40Z:C 72.26%, H
8.49%; found: C 72.10%, H 8.76%.
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1-(Benzyloxy)-4-methoxybenzene 273267
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To dimethyl sulfoxide (35 ml), potassium hydroxide powder (9 g, 161.1 mmol) was added.
After stirring for 5 minutes, 4-methoxyphenol260 (5 g, 40.3 mmol) was added, followed'
immediately by the benzyl bromide (9.6 ml, 13.80 g, 80.5 mmol) and sodium iodide (30 mg).
Stirring was continued for three hours, after which the mixture was poured into distilled
water (50 ml) and extracted three times with dichloromethane (3 x 30 ml each time). The
combined organic extracts were washed with distilled water (5 x 100 ml), dried over
anhydrous NaZS04, filtered and evaporated under reduced pressure. The residue was
recrystallised from petroleum ether to give the title compound 273 (7.26 g, 84.1%) as white
needles. RrO.86 [Ethyl acetate-hexane (1:1)]; mp. 62°C (lit.z6765°C); IR vrnax(nujol)/ cm-1
1509 (C=C), 1457, 1376, 1287 (O-CHz-), 1057; IH-NMR (270 MHz, CDCh) bH: 7.41 (2H,
d, J 6.4, -Hr), 7.34 (2H, t, J 6.4, -H3), 7.20 (H, d, J 6.4, -H4), 6.90 (2H, d, J 9.3, -H2), 6.82
(2H, d, J 9.3, -H3), 5.00 (2H, s, -OCH2Ph), 3.76 (3H, s, -OCH3); 13C_NMR(67.5 MHz,
CDCh) be: 154.14 (C4-OCH3), 153.16 (C1-OCHzPh), 137.52 (Cd, 128.77 (C3), 128.10
(C4), 127.69 (C2), 116.06 (C2), 114.85 (C3), 70.92 (-OCRzPh), 55.94 (-OCR3); mlz (Cl) 215
(90%, M + H+), 137 (20%, M + H+-C6H6);CRN requires for C14H140Z:C 78.48%, H 6.59%;
found: C 77.56%, H 6.43%.
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I-Fluoro-4-[(4'-methoxyphenoxy)methyl]benzene 274268
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To dimethyl sulphoxide (35 ml), potassium hydroxide powder (8.98 g, 160.04 mmol) was
added. After stirring for 5 minutes, 4-methoxyphenol260 (5 g, 40.3 mmol) was added,
followed immediately by the 1-(bromomethyl)-4-fluorobenzene (10.01 ml, 15.18 g, 80.5
mmol) and sodium iodide (30 mg). Stirring was continued for three hours, after which the
mixture was poured into distilled water (50 ml) and the precipitate was dried under suction.
The residue was recrystallised from petroleum ether to give the title compound 274 (7.18 g,
76.7%), as white needles. RfO.61 [Ethyl acetate-hexane (1:1)]; mp. 64 DC(lit.268 64 D-65DC);
IR Vrnax (nujol)/ cm-I 1600 (C=C), 1376, 1306 (O-CH2-)' 1057; IH-NMR (270 MHz, CDCh)
DH: 7.40 (2H, dd, J1 8.6, J2 5.6, -H3), 7.34 (2H, dd, J1 8.6, J2 7.6, -H2), 6.88 (2H, dd, J1 7.1, J2
2.5, -Hr or -Hd, 6.85 (2H, dd, J1 7.1, J2 2.4, -Hr or -H3'), 4.97 (2H, s, -OCH2(P-F)C6H4),
3.77 (3H, s, -OCH3); 13C-NMR (67.5 MHz, CDC h) Dc: 163.38 (C], IJCF245.2), 155.78 (Cl'
or C4), 154.45 (Cl' or C4), 134.73 (C4, 4JCF3.5), 130.12 (C3, 3JCF14.9), 116.54 (C2, or C3),
116.10 (C2, 2JCF20.9), 115.44 (C2, or C3), 71.6 (-OCfh(P-F)C6H4)' 57.24 (-OCR3); found
(El) 233.0959 [M + H+], CI4HI4F02 requires 233.0972.
1-(2' -methoxyethoxy)-4-methoxybenzene 275
275
To dimethyl sulphoxide (30 ml), potassium hydroxide powder (4,5 g, 80.55 mmol) was
added. After stirring for 5 minutes, 4-methoxyphenol260 (2.5 g, 20.14 mmol) was added,
followed immediately by the 2-chloroethyl methyl ether (3.7 ml, 3.83 g, 40.28 mmol) and
sodium iodide (30 mg). Stirring was continued for four hours, after which the mixture was
poured into distilled water (100 ml) and extracted three times with dichloromethane (3 x 50
ml). The combined organic extracts were washed with distilled water (5 x 200 ml), dried
over anhydrous Na2S04, filtered and evaporated under reduced pressure. The residue was
purified by flash cromatography on silica gel eluting with ethyl acetate-hexane (1: 1) to give
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the title compound 275 (1.5 g, 41.6%) as an oil. RfO.85 [Ethyl acetate-hexane (1:1)]; IR Vmax
(liquid)/ ern" 1508 (C=C Ar), 1456, 1234 (O-CH2-); lH-NMR (270 MHz, CDCb) CH: 6.87
(2H, d, J 6.2, -H2 or -H3), 6.81 (2H, d, J 6.2, -H2 or -H3), 4.02 (2H, AA' part of AA'XX'
system, N 9.2, -OCH2CH2-0CH3), 3.71 (3H, s, -CH20CH3 or Ph-OCH3), 3.68 (2H, XX' part
of AA'XX' system, N 14.0, -OCH2CH2-OCH3), 3.04 (3H, s, -CH20CH3 or Ph-OCH3); 13C_
NMR (67.5 MHz, CDCb) cc: 154.25 (CrOCH3), 153.24 (CI-OCH2CH20CH3), 115.75 (Cr
H), 114.76 (C3 -H), 71.25 (-OCH2CR20CH3), 67.98 (-OCR2CH20CH3) 59.09 (-
OCH2CH20CR3), 55.56 (-OCR3); found (El) 183.1019, ClOH1503 requires 183.1016; m/z
(El) 183 (100%, M + H+), 123 (95%, M+-C3H70).
4-Methoxyphenyldiethylcarbamate 276225
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N,N-diethyl-carbamoyl chloride (5.11 ml, 5.48 g, 40 mmol) was added to a solution of 4-
methoxyphenol260 (5g, 40 mmol) in anhydrous pyridine (15 ml). The solution was stirred
under reflux for two days. The mixture was allowed to cool to room temperature and poured
into distilled water (100 ml). The solution was extracted with diethyl ether (4 x 30 ml). The
combined organic extracts were washed with distilled water (2 x 50 ml) and a 2 M solution
ofNaHC03 (50 ml), dried over anhydrous Na2S04, filtered and evaporated under reduced
pressure. The precipitate was purified by flash cromatography on silica gel eluting with
ethyl acetate-hexane (1: 1) to give the title compound 276 (8.2 g, 92.0%) as an oil. Rf 0.85
[ethyl acetate-hexane (1 :1)]; IR Vmax (Iiquidj/cm" 2976 (-C-H Ar), 1724 (-OCON-), 1509,
1473 (C=C Ar), 1275, 1154; lH-NMR (270 MHz, CDC h) CH: 7.00 (2H, d, J 8.1, -H2), 6.82
(2H, d, J 8.1, -H3 Ar), 3.71 (3H, s, -OCH3), 3.35 (4H, q, J 7.4, -NCH2CH3), 1.22 (6H, t, J 7.4,
-NCH2CH3); 13C-NMR (67.5 MHz, CDC b) Cc: 157.16 (C4), 154.96 (CO-N), 145.43 (Cl),
122.87 (C2), 114.70 (C3), 55.75 (-OCR3), 42.35, 41.94 (N-CR2CH3), 14.30, 13.48 (N-
CH2CR3); found (El) 224.128, C12H1SN03requires 224.1281; mlz (Cl) 224.1 (100%, M +
H+), 174 (10%, [M +H++Na+]-NC4HIO); CRN requires for C12H17N03:C 64.55%, H
7.67%, N 6.27%; found: C 63.73%, H 8.20%, N 6.30%.
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2'-(4-Methoxyphenoxy)ethanoI277269
3 2 OH\ F\_r
O~O
4 1
277
To dimethyl sulphoxide (30 ml), potassium hydroxide powder (9 g, 161.1 mmol) was added.
After stirring for 5 minutes, 4-methoxyphenol260 (5 g, 4024 mmol) was added, followed
immediately by the 2-chloroethanol (6.28 ml, 13.86 g, 80.54 mmol) and sodium iodide.(30
mg). Stirring was continued for 4 hours, after which the mixture was poured into distilled
water (100 ml) and extracted 3 times with dichloromethane (3 x 50 ml). The combined
organic extracts were dried over anhydrous Na2S04, filtered and evaporated under reduced
pressure. The residue was recrystallised from petroleum ether to give the title compound
277 (1.57 g, 25.3%) as white needles. RfO.72 [Ethyl acetate-hexane (1:1)]; mp. 69°C (lit.269
72°C); IR Vmax (nujol)/ cm-1 3282 (O-H), 1509 (C=C Ar), 1513, 1463, 1292 (O-CH2-)' 1094,
1034; IH-NMR (270 MHz, CDCh) DH: 6.85 (2H, s, -H2), 6.84 (2H, -H3), 4.03 (2H, AA' part
of AA'XX' system, N 15.00, -OCH2CH2-OH), 3.93 (2H, XX' part of AA'XX' system, N
13.05, -OCH2CH2-0H), 3.76 (3H, s, Ph-OCH3), 2.08 (lH, t, J 7.1, -OH, exchanges in D20);
13C_NMR(67.5 MHz, CDCh) Dc: 154.32 (C4-OCH3), 152.94 (Cl-OCH2CH20H), 115.79
(C2-H), 114.91 (CrH), 70.09 (-OCH2CH20H), 61.80 (-OCH2CH20H), 55.94 (-OCR3); mlz
(Cl) 169.2 (100%, M +H+), 150.2 (20%, M+-H20), 123.2 (20%, M+-C2HsO); CRN requires
for C9H1203: C 64.27%, H 7.19%; found: C 64.03%, H 7.46%.
2-[(4'-Methoxyphenoxy)methyl]-1,3-dioxolane 278
3' 2'
278
To dimethyl sulfoxide (35 ml), potassium hydroxide powder (9.03 g, 160.96 mmol) was
added. After stirring for 5 minutes, 4-methoxyphenol260 (5 g, 40.24 mmol) was added,
followed immediately by the 2-(bromomethyl)-1 ,3-dioxolane (8.3 ml, 13.5 g, 80.48 mmol)
and sodium iodide (30 mg). Stirring was continued for four hours after which the mixture
was poured into distilled water (100 ml) and extracted three times with dichloromethane (3 x
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50 ml). The combined organic extracts were washed with distilled water (5 x 100 ml), dried
over anhydrous Na2S04 and evaporated under reduced pressure. The residue was purified by
flash chromatography on silica gel eluting with ethyl acetate-petroleum ether (1: 1) to give
the title compound 278 (3.31 g, 38.9%) as a colourless liquid. Rr 0.84 [Ethyl acetate-hexane
(1:1)]; IR Vrnax (nujol)/ cm-1 2891 (C-H Ar), 1743, 1591, 1509 (C=C Ar), 1457, 1235 (0-
CH2-), 1149, 1053; IH-NMR (270 MHz, CDCh) OH: 6.84 (2H, d, J 10.4, -Hr), 6.77 (2H, d, J
10.4, -H3), 5.22 (lH, t, J 4.4, -OCH2CH-0-), 3.94 (6H, m, -CH2-), 3.70 (3H, s, -OCH3); 13C_
NMR (67.5 MHz, CDCh) oc: 154.31 (C),-OCH2-), 152.92 (CrOCH3), 115.77 (C2-H),.·
114.76 (C3·-H), 102.24 (-CH2-CH-0), 69.67 (PhO-CH2CH-0-), 65.40 (-OCH2CH20-), 55.77
(-OCH3); mlz (Cl) 211.2 (50%, M+), 150.2 (100%, M+-C2~0); CRN requires for CllH1504:
C 62.55%, H 7.16%; found: C 62.09%, H 7.18%.
2,5-Dibromobenzene-l,4-diol 279270
ksr
sr~3
OH
279
A solution of bromine (1.86 ml, 29 g, 180.18 mmol) in glacial acetic acid (5 ml) was added
to a solution of hydro quinone 259 (10 g, 90.9 mmol) and anhydrous potassium acetate (1.7 g,
22.7 mmol) in glacial acetic acid (30 nil) at 17°C. The solution was stirred for two hours at
the same temperature. The mixture was poured into distilled water (100 ml). The precipitate
was filtered and dried under reduced pressure to give the title compound 279 (10.84 g,
44.5%) as a yellow powder. RrO.83 [Ethyl acetate-hexane (1:1)]; mp. 185°C (lit.27o190°C);
lR Vmax (nujol)/ cm-1 1706 (C=C Ar), 1687, 1463, 1376, 1287, 1239, 1220,854, 722 (C-Br);
IH-NMR (270 MHz, CDCh) OH: 7.54 (2H, s, -H3), 5.02 (2H, s, OH, exchanges in D20); 13C_
NMR (67.5 MHz, CDCh) oc: 179.27 (Cl-OH), 138.58 (CrH), 136.85 (CrBr). Found (El)
269.8511 [M + 2H+], C6H681Br202requires 269.8532; mlz (El) 270/268/266 (100%, M+
81Br,79Br), 189/187 (15%, M+_81Br).
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1,4-Dibromo-2,5-diethoxybenzene 280
~ABr
BrAt·
O-.....,_/
280
A solution of bromine (619 ul, 1.92 g, 12.04 mmol) in glacial acetic acid (2 ml) was added to
a solution of 1,4-diethoxybenzene 261 (lg, 6.02 mmol) and anhydrous potassium acetate
(111.6 mg, 1.36 nunol) in glacial acetic acid (15 ml) at 17 "C. The solution was stirred for
two hours at the same temperature. The mixture was poured into distilled water (70 ml).
The precipitate was filtered and dried under suction. The residue was recrystallised from
CH2Clz to give the title compound 280 (468 mg, 48.0%) as a light yellow powder. RrO.88
[Ethyl acetate-hexane (1: 1)]; mp. 118 °C; IR Vmax (nujol)/ cm" 1490 (C=C), 1453, 1269 (C-
O), 1030,924,777,455 (C-Br); IH-NMR (270 MHz, CDC h) ()H: 7.15 (2H, s, -H3 and -H6),
4.06 (4H, q, J 7.1, -CH2CH3), 1.4 (6H, t, J 7.1, -CH2CH3); 13C-NMR (67.5 MHz, CDCh) ()c:
150.70 (C2-O), 119.26 (C3), 111.80 (Cl-Br), 66.47 (-OCH2CH3), 15.33 (-OCH2CH3); mlz
(El) 325.8/ 323.8/ 321.8 (95%, M+8IBr, 79Br), 297.8/295.8/293.8 (20%, M +H+8IBr, 79Br_
CH2CH3), 269.8/267.8/265.8 (100%, M + 2H+ 81Br, 79Br_2 CH2CH3); CRN requires for
CIOH12Br202:C 37.07%, H 3.73%; found: C 37.61 %, H 3.78%.
1,4-Dibromo-2,5-dipropoxybenzene 281271
~AB'
BrAt·
o~
281
A solution of bromine (530 ul, 1.65 g, 10.31 mmol) in glacial acetic acid (2 ml) was added to
a solution of 1,4-dipropoxybenzene 262 (1 g, 5.15 mmol) and anhydrous potassium acetate
(96 mg, 1.17 mmol) in glacial acetic acid (12 ml) at 17 °C. The solution was stirred for three
hours at the same temperature. The mixture was poured into distilled water (100 ml). The
precipitate was filtered and dried under reduced pressure. The residue was recrystallised
from CH2Clz to give the title compound 281 (317 mg, 17.5%), as light yellow powder. Rr
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0.89 [Ethyl acetate-hexane (1 :1)]; mp. 68°C (lit.27174°C); IR Vrnax(nujol)/ ern" 1462 (C=C),
1375, 1269 (C-O), 1021,809,455 (C-Br); IH-NMR (270 MHz, CDCh) DH: 7.08 (2H, s, -H3
and -H6), 3.89 (4H, t, J 7.6, -OCH2CH2CH3), 1.81 (4H, sextet, J 7.6, -OCH2CH2CH3), 1.4
(6H, t, J 7.6, -OCH2CH2CH3); 13C-NMR (67.5 MHz, CDCh) Dc: 150.74 (CrO), 119.13 (C3),
111.77 (Cl-Br), 66.47 (-OCH2CH2CH3), 23.01 (-OCH2CH2CH3), 10.95 (-OCH2CH2CH3);
mlz (El) 353.9/ 351.9/ 349.9 (20%, M+slBr, 79Br), 311.9/ 309.9/ 307.9 (10%, M + H+slBr,
79Br-CH2CH2CH3), 269.9/267.9/265.9 (100%, M + 2H+sIBr, 79Br_2CH2CH2CH3); CRN
requires for C12H16Br202: C 40.94%, H 4.58%; found: C 41.21 %, H 4.64%.
1,4-Dibromo-2,5-dibutoxybenzene 282272
~*oBr
I
h
Br
o~
282
A solution of bromine (462 Ill, 1.4 g, 9 mmol) in glacial acetic acid (2 ml) was added to a
solution of 1,4-dibutoxybenzene 263 (1 g, 4.5 mmol) and anhydrous potassium acetate (84
mg, 1.02 mmol) in glacial acetic acid (12 ml) at 17°C. The solution was stirred for three
hours at the same temperature. The mixture was poured into distilled water (100 ml). The
precipitate was filtered and dried under reduced pressure. The residue was recrystallised
from CH2Clz to give the title compound 282 (1.38 g, 80.6%) as a light orange powder. Rc
0.85 [Ethyl acetate-hexane (1:1)]; mp. 72°C (lit.27271°C); IR vrnax(nujol)/ cm-I 1499 (C=C),
1465, 1376, 1275 (C-O), 1037,846 (C-Br); IH-NMR (270 MHz, CDCh) OH: 7.08 (2H, s, -H3
and -H6), 3.95 (4H, t, J 6.1, -OCH2CH2CH2CH3), 1.76 (4H, quintet, J 6.1,-
OCH2CH2CH2CH3), 1.56 (4H, sextet, J 6.1, -OCH2CH2CH2CH3), 0.97 (6H, t, J 6.1,-
OCH2CH2CH2CH3); 13C-NMR (67.5 MHz, CDCh) oc: 150.77 (C2-O), 119.08 (C3), 111.76
(CrBr), 70.55 (-OCH2CH2CH2CH3), 31.67 (-OCH2CH2CH2CH3), 19.66 (-
OCH2CH2CH2CH3), 14.29 (-OCH2CH2CH2CH3); found (El) 380.9910 [M + H+],
CI4H21sIBr79Br02 requires 380.9882; mlz (El) 382.11 380.11 378.1 (25%, M+slBr, 79Br), 326/
324/322 (10%, M + H+slBr, 79Br-C4H9), 270/268/266 (100%, M + H/+ slBr, 79Br_2
C4H9); CRN requires for C14H20Br202:C 44.24%, H 5.30%; found: C 45.18%, H 5.59%.
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1,4-Dibromo-2,5-di(benzyloxy)benzene 283273
283
A solution of bromine (277 Ill, 0.863 g, 5.40 mmol) in glacial acetic acid (5 ml) was added to
a solution of 1,4-di(benzyloxy)benzene 264 (0.8 g, 2.70 mmol) and anhydrous potassium
acetate (51.4 mg, 0.630 mmol) in glacial acetic acid (60 ml) at 17 °C. The solution was
stirred for three hours at the same temperature. The mixture was poured into distilled water
(100 ml). The precipitate was filtered and dried under reduced pressure. The residue was
recrystallised from CH2Ch to give the title compound 283 as light yellow powder (851 mg,
70.4%). RrO.88 [Ethyl acetate-hexane (1:1)]; mp. 165-166 °C (lit.273167 °C); Ymax(nujol)/
cm-I 1454 (C=C), 1379, 1274 (C-O), 1071,841,694 (C-Br); IH-NMR (270 MHz, CDC h)
CH: 7.45 (4H, d, J 8.3, Hr), 7.39 (4H, t, J 8.3, H3), 7.34 (2H, d, J 8.3, H4), 7.20 (2H, s, -H3
and -H6), 5.08 (4H, s, -OCH2Ph); 13C-NMR (67.5 MHz, CDCh) Cc: 154.24 (C2-O), 137.34
(Cr), 129.29 (C3), 129.22 (C4) 128.59 (Cr), 120.71 (Cl-Br), 115.29 (C3), 72.37 (-OCH2Ph);
found (El) 448.9536, C2oHI6Br202 requires 448.9569; mlz (Cl) 450/ 448/ 446 (10%, M+8IBr,
79Br), 369/367 (15%, M+81Br,79Br_79Br), 279/277 (98%, M + H+ 81Br_[81Br+ C7H7]); (El)
450/448/446 (100%, M+81Br,79Br);eRN requires for C2oH16Br202:C 53.60%, H 3.60%;
found: C 53.44%, H 3.94%.
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1,4-Dibromo-2,5-di[(4'-fluorobenzyl)oxy]benzene 284
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A solution of bromine (314 ul, 0.979 g, 6.13 mmol) in glacial acetic acid (5 ml) was added to
a solution of di-(4' -fluorobenzyloxy)benzene 265 (1 g, 3.06 mmol) and anhydrous potassium
acetate (57.05 mg, 0.69 mmol) in glacial acetic acid (20 ml) at 17 °C. The solution was
stirred for three hours at the same temperature. The mixture was poured into distilled water
(100 ml). The precipitate was filtered and dried under reduced pressure. The residue was
recrystallised from CH2Cl2-ethyl acetate (3:1) to give the title compound 284 (0.734 g,
49.6%) as a light yellow powder. RrO.87 [Ethyl acetate-hexane (1:1)]; mp. 174-175 °C; IR
Vmax (nujol)/ cm" 1463 (C=C), 1377, 1206 (C-O), 1062,843, 721 (C-Br); IH-NMR (270
MHz, CDCh) DH: 7.44 (4H, dd, JI 8.6, J2 5.3, Hl'), 7.17 (2H, s, H3), 7.08 (4H, dd, JI 8.6, h
6.3, H3-), 5.03 (4H, s, -OCHr(P-F)C4H6); 13C-NMR (67.5 MHz, CDCh *) Dc: 129.42 (Cl',
3JCF8.6),119.53 (C3), 115.29 (C3" 2JCF21.1), 114.91 (Cl-Br), 71.59 (-OClhPh); mlz (El)
486/484/482 (10%, M+81Br, 79Br); CRN requires for C2oH14Br2F202:C 49.62%, H 2.91%;
found: C 50.21 %, H 2.73%.
* Not all Cq are detectable due to the poor solubility of284 in CDCb.
1,4-Dibromo-2,5-di(2'-methoxyethoxy)benzene 285
285
A solution of bromine (226 ul, 0.730 g, 4.4 mmol) in acetic acid (2 ml) was added to a
solution of 1,4-bis(2-methoxyethoxy)benzene 264 (0.5 g, 2.2 mmol) and anhydrous
potassium acetate (41.02 mg, 0.50 mmol) in acetic acid (12 ml) at 17 "C. The solution was
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stirred for three hours at the same temperature. The mixture was poured into distilled water.
The precipitate was filtered and dried under reduced pressure. The residue was recrystallised
from CH2Ch to give the title compound 285 (730 mg, 86.4%) as a light yellow powder. Rr
0.79 [Ethyl acetate-hexane (1 :1)]; mp. 82 QC;Vmax (nujol)/ cm" 1463 (C=C Ar), 1377, 1217
(O-CH2-), 865 (C-Br); IH-NMR (270 MHz, CDCh) DH: 7.14 (2H, s, -H3 and -H6), 4.12 (4H,
AA' part of AA'XX' system, N 11.2, -OCH2CH2-OCH3), 3.76 (4H, XX' part of AA'XX'
system, N 13.6, -OCH2CHrOCH3), 3.46 (6H, s, -OCH2CH2-OCH3); 13C-NMR (67.5 MHz,
CDCh) Dc: 153.88 (C2-O), 119.93 (C3), 112.16 (Cl-Br), 71.42 (-OCH2CH20CH3), 70.67 (-
OCH2CH20CH3), 60.01 (-OCH2CH20CH3); mlz (El) 386/ 384/ 382 (100%, M+8IBr, 79Br),
328/326/324 (50%, M + H+81Br,79Br-C3H70), 306/304 (20%, M + H+8IBr,_8IBr), 270/
268/266 (70%, M + 2H+ 81Br,19Br-2 C3H70); CRN requires for C12H16Br204:C 37.53%, H
4.20%; found: C 37.65%, H 4.26%.
1,4-dibromo-2-ethoxy-5-methoxybenzene 286
:Ae,
Br~~
0"
286
A solution of bromine (678 Ill, 2.1 g, 13.2 mmol) in glacial acetic acid (2 ml) was added to a
solution of 1-ethoxy-4-methoxybenzene 271 (lg, 6.6 mmol) and anhydrous potassium
acetate (122 mg, 1.5 mmol) in glacial acetic acid (8 ml) at 17 QC. The solution was stirred
for two hours at the same temperature. The mixture was poured into distilled water (100 ml).
The precipitate was filtered and dried under reduced pressure. The residue was recrystallised
from petroleum ether to give the title compound 286 (552 mg, 27.0%), as light yellow
powder. RrO.88 [Ethyl acetate-hexane (1:1)]; mp. 66 QC;vrnax(nujol)/ ern" 1461 (C=C),
1378, 1359, 1271 (O-CH2-), 1066; IH-NMR (270 MHz, CDCh) OH: 7.10 (2H, s, -H3 and-
H6), 4.03 (2H, q, J 7.4, -OCH2CH3), 3.84 (3H, s, -OCH3), 1.43 (3H, t, J 7.4, - OCH2CH3);
13C-NMR (67.5 MHz, CDCh) oc: 155.46 (C2 or C5), 152.95 (C2 or C5), 120.05 (C3 or C6),
118.38(C3 or C6), 112.57 (Cl or C4), 110.61 (Cl or C4), 64.75 (-OCH2CH3), 56.48 (-OCH3),
14.72 (-OCH2CH3); mlz (Cl) 313/3111309 (100%, M + H+8IBr,19Br), 232.1/230.1 (15%, M
+ H+8IBr _8IBr);mlz (El) 312/310/308 (70%, M+8IBr,79Br), 284/ 282/ 280 (100%, M + H+
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81Br,19Br-C2H5), 269/267/265 (70%, M + 2H+ slBr,79Br -OC2H5); CRN requires for
C9HIOBr202:C 34.87%, H 3.25%; found: C 34.62%, H 3.18%.
1,4-Dibromo-2-propoxy-5-methoxybenzene 287
~o
287
A solution of bromine (618 ul, 1.9 g, 12.04 mmol) in glacial acetic acid (3 ml) was added to
a solution of 1-propoxy-4-methoxybenzene 272 (1 g, 6.02 mmol) and anhydrous potassium
acetate (112.4 mg, 1.4 mmol) in glacial acetic acid (10 ml) at 17°C. The solution was stirred
for two hours at the same temperature. The mixture was poured into distilled water (100 ml).
The precipitate was filtered and dried under reduced pressure. The residue was recrystallised
from petroleum ether to give the title compound 287 (1.71 g, 87.7%), as light yellow powder.
RfO.74 [Ethyl acetate-hexane (1:1)]; mp. 69°C; IR vrnax(nujol)/ cm" 1495 (C=C), 1460,
1364, 1270 (O-CH2-), 1067, 785 (C-Br); lH-NMR (270 MHz, CDC h) 3H: 7.09 (2H, s, -H3
and -H6), 3.91 (2H, t, J 7.6, -OCH2CH2CH3), 3.84 (3H, s, -OCH3), 1.84 (2H, sextet, J 7.6, -
OCH2CH2CH3), 1.05 (3H, t, J 7.6, -OCH2CH2CH3); 13C_NMR(67.5 MHz, CDCh) 3c:
151.62 (C2 or C5), 150.92 (C2 or C5), 119.45 (C3 or C6), 117.68 (C3 or C6), 112.03 (Cl or C4),
110.96 (Cl or C4), 72.43 (-OCH2CH2CH3), 57.58 (-OCH3), 22.93 (-OCH2CH2CH3), 10.91 (-
OCH2CH2CH3); mlz (Cl) 327/325/323 (100%, M +H+slBr, 79Br), 285/283/281 (45%, M +
Hl+ slBr_ C3H7), 246/244 (20%, M + H+S1Br_S1Br);(El) 326/ 324/ 322 (30%, M+81Br,79Br),
284/282/280 (100%, M + H+S1Br_C3H7), 269/267/265 (40%, M + H+S1Br, 79Br- C4HIO);
CRN requires for CIOH12Br202:C 37.07%, H 3.73%; found: C 37.08%, H 3.74%.
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1,4-Dibromo-2-(benzyloxy)-5-methoxybenzene 288
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A solution of bromine (479 ~1, 1.49 g, 9.33 mmo1) in glacial acetic acid (3 m1) was added to
a solution of l-fbenzyloxyj-q-methoxybenzene 272 (1g, 4.67 mmo1) and anhydrous
potassium acetate (87.1 mg, 1.06 mmo1) in glacial acetic acid (12 m1) at 17°C. The solution
was stirred for 4 hours at the same temperature. The mixture was poured into distilled water
(100 m1). The precipitate was filtered and dried under reduced pressure. The residue was
recrystallised from petroleum ether to give the title compound 288 (1.37 g, 79.1%) as a light
yellow powder. Rf 0.83 [Ethyl acetate-hexane (1 :1)]; mp. 116°C; IR Vmax (nujo1)/ cm-I 1508
(C=C), 1457, 1379, 1292 (O-CH2-), 1113, 763 (C-Br); IH-NMR (270 MHz, CDCh) 8H: 7.46
(2H, d, J 6.3, -Hr), 7.41 (2H, dd, JI 6.3, J2 13.3, -H3), 7.38 (H, d, J 13.3, -H4), 7.17 (lH, s,-
H3 or -H6), 7.12 (lH, s, -H3 or -H6), 5.05 (2H, s, -OCH2Ph), 3.83 (3H, s, -OCH3); 13C-NMR
(67.5 MHz, CDCh) 8c: 151.13 (C2 or C5), 149.84 (C2 or C5), 136.38 (Cr), 128.83 (C3),
128.35 (C4), 127.47 (Cr), 119.68 (C3 or C6), 117.16 (C3 or C6), 111.93 (Cl or C4), 110.56
(Cl or C4), 72.27 (-OCR2Ph), 57.17 (-OCR3); mlz (Cl) 374/372/370 (100%, M+8IBr, 79Br),
294/293/291 (80%, M+8IBr-8IBr); eRN requires for C14H12Br202:C 45.20%, H 3.25%;
found: C 46.14%, H 3.21%.
1,4-Dibromo-2-(2' -methoxyethoxy)-5-methoxybenzene 289
-o\_ *,Br1 6
\ - /° ~ h50
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A solution of bromine (570 Ill, 1.77 g, 11.09 mmo1) in glacial acetic acid (3 m1) was added to
a solution of 1-(2-methoxyethoxy)-4-methoxy benzene 275 (1 g, 5.55 mmo1) and anhydrous
potassium acetate (103 mg, 1.26 mmo1) in glacial acetic acid (12 m1) at 17°C. The solution
was stirred for three hours at the same temperature. The mixture was poured into distilled
water (100 m1) and extracted with CH2Ch (3 x 30 m1). The combined organic layers were
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dried over anhydrous Na2S04, filtered and evaporated under reduced pressure. The residue
was recrystallised from petroleum ether to give the title compound 289 (1.53 g, 81.4%) as a
light yellow powder. Rf 0.86 [Ethyl acetate-hexane (1: 1)]; mp. 42 QC;IR Vmax (nujol)1 cm"
1508 (C=C Ar), 1456, 1234 (O-CH2-); IH-NMR (270 MHz, CDCh) DH: 7.15 (lH, s, -H3 or-
H6), 7.07 (lH, s, -H3 or -H6), 4.10 (2H, AA'XX' part of AA'XX' system, N 9.4, -OCH2CH2-
OCH3 or -OCH2CHrOCH3), 3.83 (3H, s, Ph-OCH3), 3.75 (2H, XX' part of AA'XX' system,
N 9.4, -OCH2CH2-OCH3 or -OCH2CH2-0CH3), 3.45 (3H, s, -OCH2CH2-0CH3); 13C-NMR
(67.5 MHz, CDCh) Dc: 151.39 (C2 or C5), 150.40 (C2 or C5), 119.84 (C3 or C6), 117.25 (C3
or C6), 112.00 (Cl or C4), 110.76 (Cl or C4), 71.23 (-OCH2CR20CH3), 70.46 (-
OCR2CH20CH3), 59.72 (-OCH2CH20CR3), 57.26 (-OCR3); mlz (El) 342/340/338 (50%,
M+ 81Br, 79Br), 284/282/280 (100%, M +H+ 81Br, 79Br-C3H70); CRN requires for
CIOH12Br203:C 35.32%, H 3.56%; found: C 35.22%, H 3.54%.
l' -(1 ,4-Dibromo-5-methoxy-2-phenoxy)-2' -acetyl-ethane 290
*
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A solution of bromine (666 ul, 2.07 g, 12.96 mmol) in glacial acetic acid (3 ml) was added to
a solution of2'-(4-methoxyphenoxy)ethano1277 (1 g, 6.48 mmol) and anhydrous potassium
acetate (120 mg, 1.47 mmol) in glacial acetic acid (12 ml) at 17 QC. The solution was stirred
for three hours at the same temperature. The mixture was poured into distilled water (100
ml). The precipitate was dried under suction and recrystallised from petroleum ether-ethyl
acetate (3:1), to give the title compound 290 as white powder (1.71 g,71.7%). Rf 0.89 [Ethyl
acetate-hexane (1:1)]; IR vrnax(nujol)1cm-I 1729 (-COO-), 1499 (C=C Ar), 1457, 1378, 1246
(O-CH2-), 1213, 1065; IH-NMR (270 MHz, CDCh) DH: 7.15 (lH, s, -H3 or -H6), 7.08 (lH, s,
-H3 or -H6), 4.42 (2H, t, J 4.9, -OCH2CH2-OCOCH3 or -OCH2CHrOCOCH3), 4.17 (2H, t, J
4.9, -OCH2CH2-OCOCH3 or - OCH2CH2-0COCH3), 3.84 (3H, s, Ph-OCH3), 2.10 (3H, S,-
OCOCH3); 13C-NMR (67.5 MHz, CDCh) Dc: 171.68 (-COOCH3), 151.96 (C2 or C5), 150.23
(C2 or C5), 120.16 (C3 or C6), 117.07 (C3 or C6), 112.14 (Cl-Br or C4-Br), 110.59 (CrBr or
CrBr), 68.88 (-OCR2CH20CH3), 62.76 (-OCH2CR20COCH3), 57.16 (-OCR3), 21.12 (-
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OCO-CH3); mlz (Cl) 371.2/369.2/367.1 (100%, M +H+81Br, 79Br); CRN requires for
CllHI2Br204: C 35.90%, H 3.29%; found: C 35.51%, H 3.27%.
2'-(1,4-Dibromo-5-methoxy-2-phenoxy)-ethanoI291
B~h2
l~O",
6 Br OH
291
Potassium carbonate (186 mg, 1.36 mmol) was added to a solution of 1'-(l,4-dibromo-5-
methoxy-2-phenoxy)-2'-acetyl-ethane 290 (500 mg, 1.36 mmol) in methanol (15 ml) at room
temperature. The solution was stirred for two hours at the same temperature. The mixture
was poured into distilled water (100 ml) and extracted with CH2Cb (3 x 50 ml). The
combined organic layers were dried over anhydrous Na2S04, filtered and evaporated under
reduced pressure. The residue was recrystallised from petroleum ether to give the title
compound 291 (443 mg, 85.0%) as a light yellow powder. RfO.75 [Ethyl acetate-hexane
(1:1)]; mp. 55 °C; IR vrnax(nujol)1cm" 3309, 1494, 1461, 1377, 1066; IH-NMR (270 MHz,
CDCh) DH: 7.14 (lH, s, -H3 or -H6), 7.07 (lH, s, -H3 or -H6), 4.07, (2H, AA' part of AA'XX'
system, N 14.9, -OCH2CH20H or -OCH2CH20H), 3.95 (2H, XX' part of AA'XX' system,
N 10.8, -OCH2CH20H or-OCH2CH20H), 3.84 (3H, s, -OCH3), 2.28 (lH, bs, exchanges
when treated with D20, -OH); 13C-NMR (67.5 MHz, CDCh) Dc: 151.34 (C2 or C5), 149.71
(C2 or C5), 119.80 (C3 or C6), 116.96 (C3 or C6), 111.86 (Cl or C4), 110.73 (Cl or C4), 72.28
(-OCH3), 61.46 (-OCH2CH20H or -OCH2CH20H), 57.16 (-OCH2CH20H or -
OCH2CH20H); mlz (El) 328.11326.1/324.1 (100%, M +H+81Br, 79Br), 284.1/282.11280.1
(60%, M +H+81Br,79Br_ C2HsO); CRN requires for CIIH12Br204: C 33.16%, H 3.09%;
found: C 33.24%, H 3.15%.
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2,5-diethoxyterephthalaldehyde 292
:ArCHO
OHC~
O-......_./
292
n-Butyllithium (n-BuLi) (3.8 ml, 1.6 M in hexane, 6.17 mmol) was added to a solution of
1,4-dibromo-2,5-diethoxybenzene 280 (400 mg, 1.23 mmol) in anhydrous tetrahydrofuran
(THF) (7 ml) at - 78 °C under nitrogen atmosphere. The solution was stirred for two hours at
the same temperature. Anhydrous DMF (480 ,....1,6.17 mmol) was added to the reaction
mixture. The solution was stirred for 30 minutes and then allowed to warm to room
temperature. Distilled water (4 ml) and a 2 M solution of hydrochloric acid (HCl) (1.5 ml)
were added to give a yellow solid. The precipitate was dried under reduced pressure and
recrystallised from petroleum ether (40-60 °C) to give the title compound 292 (175 mg,
64.0%) as a yellow powder. RfO.78 [Ethyl acetate-hexane (1:1)]; mp.110 °C; IR Vmax
(nujolj/cm" 1687 (CO), 1480, 1393, 1149; IH-NMR (270 MHz, CDC h) OH: 10.52 (2H, s, -
CHO), 7.43 (2H, s, -H3 and -H6), 4.18 (4H, q, J 7.2, -OCH2CH3), 1.476 (6H, t, J 7.2,-
OCH2CH3); 13C-NMR (67.5 MHz, CDCh) oc: 190.31 (-CHO), 155.78 (C2 and C5), 129.89
(Cl and C4), 112.27 (C3 and C6), 65.37 (-OCH2CH3), 15.10 (-OCH2CH3); found (El)
223.0956 [M +H+], C12H1S04 requires 223.0965; mlz (El) 223.2 (100%, M +H+), 193 (30%,
M+-CHO), 164 (98%, M+-2 CHO).
2,5-Dipropoxyterephthalaldehyde 293274
~;tyCHO
OHC~'
o~
293
n-BuLi (3.55 ml, 1.6 M in hexane, 5.68 mmol) was added to a solution of 1,4-dibromo-2,5-
dipropoxybenzene 281 (400 mg, 1.14 mmol) in anhydrous THF (3 ml) at - 78 °C under
nitrogen atmosphere. The solution was stirred for two hours at the same temperature.
Anhydrous DMF (441.6 ,....1,5.68 mmol) was added to the reaction mixture. The solution was
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stirred for 30 minutes and then allowed to warm to room temperature. Distilled water (4 ml)
and a 2 M solution ofHCl (1.5 ml) were added. The solution was extracted with diethyl
ether (3 x 15 ml). The combined organic extracts were dried over anhydrous Na2S04,
filtered and evaporated under reduced pressure. The residue was purified by flash
chromatography on silica gel eluting with hexane-ethyl acetate (10: 1) to give the title
compound 293 (114 mg, 40.0%) as a yellow powder. Rr 0.32 [Hexane-ethyl acetate (10:1)];
mp. 73°C (lit.27475°C); IR Vmax (nujolj/cm" 1692 (CO), 1499, 1379, 1163; 'H-NMR (270
MHz, CDCh) DH: 10.52 (2H, s, -CHO), 7.42 (2H, s, -H3 and -H6), 4.05 (4H, t, J 7.5, - .
OCH2CH2CH3), 1.82 (4H, sextet, J 7.5, -OCH2CH2CH3), 1.06 (6H, t, J 7.5, -OCH2CH2CH3);
13C-NMR (67.5 MHz, CDCh) Dc: 190.23 (-CHO), 155.96 (C2 and C5), 124.80 (Cl and C4),
112.27 (C3 and C6), 71.24 (-OCH2CH2CH3), 22.89 (-OCH2CH2CH3) 10.96 (-OCH2CH2CH3);
mlz (El) 251.2 (25%, M + H+), 222.2 (95%, M + H+- CHO); CRN requires for C'4H'804: C
67.18%, H 7.25%; found C 66.97%, H 7.62%.
2,5-Dibutoxyterepbtbalaldebyde 294
~~CHO
OHeAt .
O~
297
tert-BuLi (3.5 ml, 1.5 M in pentane, 5.26 mmol) was added to a solution of 1,4-dibromo-2,5-
dibutoxybenzene 282 (400 mg, 1.05 mmol) in anhydrous THF (4 ml) at - 78°C under
nitrogen atmosphere. The solution was stirred for three hours at the same temperature.
Anhydrous DMF (361 ul, 5.26 mmol) was added to the reaction mixture. The solution was
stirred for one hours and then allowed to warm to room temperature. Distilled water (4 ml)
and a 2 M solution ofHCl (1.5 ml) were added. The precipitate was filtered and dried under
reduced pressure. The residue was recrystallised from petroleum ether (40 - 60°C) to give
the title compound 294 (103 mg, 35.3%) as a yellow powder. Rr 0.81 [Hexane-ethyl acetate
(10:1)]; mp. 55°C; IR Vmax (nujolj/cm" 1682 (CO), 1618, 1494, 1379, 1071; 'H-NMR (270
MHz, CDCh) DH: 10.51 (2H, s, -CHO), 7.43 (2H, s, -H3 and -H6), 4.09 (4H, t, J 7.1,-
OCH2CH2CH2CH3), 1.80 (4H, quintet, J 7.1, -OCH2CH2CH2CH3), 1.52 (4H, sextet, J 7.1,-
OCH2CH2CH2CH3), 0.98 (6H, t, J 7.1, -OCH2CH2CH2CH3); 13C-NMR (67.5 MHz, CDCh·')
Dc: 190.18 (-CHO), 112.18 (C3 and C6), 69.40 (-OCH2CH2CH2CH3), 31.50 (-
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OCH2GhCH2CH3), 19.62 (-OCH2CH2CH2CH3), 14.16 (-OCH2CH2CH2CH3); found (El)
279.156 [M + H+], CI6H2304 requires 279.1591; m1z (El) 279 (15%, M+), 250 (10%, M +
H+-CHO), 164 (100%, M+-2 C4H9), 135 (40%, M+-[CHO + 2 C4H9])'
.. Cq are not detectable because of the poor solubility of294 in CDCh.
2,5-Di(benzyloxy)terepbtbalaldebyde 295
2'3'W1'I 0
4' ~ *2~1 CHO
I~
OHC z-: ~
o~
295
n-BuLi (2.78 ml, 1.6 M in hexane, 4.46 mmol) was added to a solution of 1,4-dibromo-2,5-di
(benzyloxy)benzene 282 (400 mg, 0.89 mmol) in anhydrous THF (10 ml) at - 78°C under
nitrogen atmosphere. The solution was stirred for two hours at the same temperature.
Anhydrous DMF (346.8 Ill, 4.46 mmol) was added to the reaction mixture. The solution was
stirred for 30 minutes and then allowed to warm to room temperature. Distilled water (4 ml)
and HCl 2 M (1.5 ml) were added. The solution was extracted with diethyl ether (3 x 20 ml).
The combined organic layers were dried over anhydrous Na2S04, filtered and evaporated
under reduced pressure. The residue was recrystallised from petroleum ether (40 - 60°C) to
give the title compound 295 (293 mg, 95.1%) as a yellow powder. Rr 0.86 [Hexane-Ethyl
acetate (10:1)]; mp. 119-120 °C; IR Vrnax (nujolj/cm" 1677 (-CHO), 1463, 1378, 1136; IH_
NMR (270 MHz, CDCh) OH: 10.54 (2H, s, -CHO), 7.56 (2H, s, -H3 and -H6), 7.42 (4H, d, J
5.3 -u.: 7.40 (4H, dd, JI 6.4, J2 5.3, -H3-), 7.35 (2H, d, J 6.4, -H4-), 5.19 (4H, s, -OCH2Ph);
I3C-NMR (67.5 MHz, CDCh) oc: 189.90 (-CHO), 155.74 (C2-0 and C5-O), 136.35 (Cd,
129.46(Cl' or C3'or C4-), 129.13 (Cl' or C3, or C4-), 128.26 (Cl' or c; or C4-), 119.04 (CI-
CHO and C4-CHO), 113.02 (C3 and C6), 71.73 (-OCH2Ph); mlz (El) 347 (45%, M+), 288
(70%, M+-2 CHO), 255 (20%, M+- C7H7); CRN requires for C22HIS04: C 76.29%, H 5.24%;
found C 76.14%, H 5.35%.
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2,S-Di[(4'-fluorobenzyl)oxy]terepbtbalaldebyde 296
299
n-BuLi (2.00 ml, 1.6 M in hexane, 3.09 mmol) was added to a suspension of 1,4-dibromo-
2,5-di[(4'-fluorobenzyl)oxy]benzene 284 (300 mg, 0.62 mmol) in anhydrous THF (12 ml) at
- 78°C under nitrogen atmosphere. The solution was stirred for two hours at the same
temperature. Anhydrous DMF (241 Ill, 3.09 mmol) was added to the reaction mixture. The
solution was stirred for 30 minutes and then allowed to warm to room temperature. Distilled
water (4 ml) and a 2 M solution ofHCI (1.5 ml) were added. The solution was extracted
with diethyl ether (3 x 20 ml). The combined organic layers were dried over anhydrous
Na2S04, filtered and evaporated under reduced pressure. The residue was recrystallised from
petroleum ether (40 - 60 °C)-ethyl acetate (3:2) to give the title compound 296 (0.133 g,
56.3%) as a yellow powder. Rr 0.85 [Hexane-Ethyl acetate (10:1)]; mp. 130-131 QC;IR Vrnax
(nujolj/cm" 1678 (CO), 1460, 1378, 1224; IH-NMR (270 MHz, CDCh) OH: 10.52 (2H, s, -
CHO), 7.54 (2H, s, -H3 and -H6), 7.42 (4H, dd, JI 6.5, J2 2.4, Hl'), 7.09 (4H, dd, JI 6.5, J2 6.4,
H3·), 5.16 (4H, s, -OCH2-(P-F)C6H4); 13C_NMR(67.5 MHz, CDCI/) oc: 189.11 (-CHO),
129.81 (Cl', 3JCF8.1), 115.84 (C3·, 2JCF21.8), 112.61 (C3 and C6) 70.74 (-OCH2-(P-F)C6H4);
found (El) 382.1038 [M+], C22HI6F204requires 382.1011; mlz (El) 382 (10%, M+), 273
(10%, M+-C7H6F), 106 (100%, M+-[2 (C7H6F)+ 2 (CHO)].
* Cq are not detectable because of the poor solubility of296 in CDCh.
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2,5-Di(2' -methoxyethoxy)terephthalaldehyde 297
297
n-BuLi (2.00 ml, 1.6 M in hexane, 3.09 mmol) was added to a sospension of 1,4-dibromo-
2,5-di-(2'-methoxyethoxy)benzene 285 (300 mg, 0.62 mmol) in anhydrous THF (12 ml) at-
78°C under nitrogen atmosphere. The solution was stirred for two hours at the same
temperature. Anhydrous DMF (241 Ill, 3.09 mmol) was added to the reaction mixture. The
solution was stirred for 30 minutes and then allowed to warm to room temperature. Distilled
water (4 ml) and a 2 M solution ofHCI (1.5 ml) were added. The solution was extracted
with diethyl ether (3 x 20ml). The combined organic layers were dried over anhydrous
Na2S04, filtered and evaporated under reduced pressure. The residue was recrystallised from
dichloromethane to give the title compound 297 (98.7 mg, 56.4%) as a yellow powder. Rr
0.76 [Hexane-Ethyl acetate (1:1)]; mp. 122°C; IR vrnax(nujol)/ cm" 1679 (CHO), 1456 (C=C
Ar), 1366, 1212 (O-CH2-); IH-NMR (270 MHz, CDCh) 8H: 10.53 (2H, s, CHO), 7.46 (2H, s,
H3 and H6), 4.25 (4H, AA' part of AA'XX' system, N 8.6, -OCH2CH2-0CH3 or -OCH2CHr
OCH3), 3.78 (4H, XX' part of AA'XX' system, N 9.1, -OCH2CH2-0CH3 or -OCH2CHr
OCH3), 3.44 (6H, s, -OCH2CH2-OCH3); 13C-NMR (67.5 MHz, CDCh) 8c: 190.03 (CHO),
155.96 (C2 and C5), 130.16 (Cl and C4), 112.76 (C3 and C6), 71.32 (-OCH2CH20CH3 or-
OCH2CH20CH3), 69.37 (-OCH2CH20CH3 or -OCH2CH20CH3), 59.81 (OCH2CH20CH3);
mlz (El) 283 (100%, M + H+), 253 (10%, M+-CHO), 223 (10%, M+- C3H70); CRN requires
for CI4H1S06: C 59.57%, H 6.43%; found: C 59.64%, H 6.81%.
206
Chapter 5 5. Experimental Section
2-Ethoxy-S-methoxyterephthalaldehyde 298
~o
*
~CHO
4 I .& 1
OHC 5 6
0""
298
n-BuLi (4.03 ml, 1.6 M in hexane, 6.45 mmol) was added to a solution of 1,4-dibromo-2-
ethoxy-5-methoxybenzene 286 (400 mg, 1.29 mmol) in anhydrous THF (3 ml) at - 78 °C
under nitrogen atmosphere. The solution was stirred for two hours at the same temperature.
Anhydrous DMF (501 ul, 6.45 mmol) was added to the reaction mixture. The solution was
stirred for 30 minutes and then allowed to warm to room temperature. Distilled water (4 ml)
and a 2 M solution ofHCI (1.5 ml) were added to give a yellow solid. The precipitate was
filtered, dried under reduced pressure and recrystallised from petroleum ether (40 - 60 °C) to
give the title compound 298 (153 mg, 57.1%) as a yellow powder. RrO.83 [Ethyl acetate-
hexane (1 :1)]; mp. 111 °C; IR Vmax (nujol)/ cm" 1682 (CHO), 1464 (C=C), 1384, 1287, 1214
(O-CH2-), 1041; IH-NMR (270 MHz, CDCh) CH: 10.52 (lH, s, -CHO), 10.49 (lH, s, -CHO),
7.44 (lH, s, H3 or H6), 7.43 (lH, s, H3 or H6), 4.16 (2H, q, J 7.4, -OCH2CH3), 3.93 (3H, S,-
OCH3), 1.46 (3H, t, J 7.4, -OCH2CH3); I3C-NMR (67.5 MHz, CDCh *) Cc: 190.68 (-CHO),
189.32 (-CHO), 112.61 (C3 or C6), 111.25 (C6 or C3), 65.22 (-OCH2CH3), 56.70 (-OCH3),
15.11 (-OCH2CH3); mlz (Cl) 209 (70%, M + H+), 180 (100%, M + H+-CHO); CRN requires
for C11H1204:C 63.45%, H 5.81%; found: C 63.57%, H 7.27%.
•Cq are not detectable due to the poor solubility of 298 in CDCh.
2-Propoxy-5-methoxyterephthalaldehyde 299
299
n-BuLi (3.84 ml, 1.6 M in hexane, 6.15 mmol) was added to a solution of 1,4-dibromo-2-
propoxy-5-methoxybenzene 287 (400 mg, 1.23 mmol) in anhydrous THF (14 ml) at - 78 "C
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under nitrogen atmosphere. The solution was stirred for three hours at the same temperature.
Anhydrous DMF (478 ul, 6.15 mmol) was added to the reaction mixture. The solution was
stirred for one hour and then allowed to warm to room temperature. Distilled water (4 ml)
and a 2 M solution ofHCI (1.5 ml) were added to give a yellow solid. The precipitate was
filtered, dried under reduced pressure and recrystallised from petroleum ether (40-60 QC)to
give the title compound 299 (261 mg, 95.5%) as a yellow powder. Rf 0.92 [Ethyl acetate-
hexane (1:1)]; mp. 112°C; IR Vmax (nujol)/ cm-1 1689 (CHO), 1463 (C=C), 1377, 1291, 1215
(O-CH2-), 1028; IH-NMR (270 MHz, CDCh) DH: 10.53 (lH, s, -CHO), 10.49 (lH, s, -CHO),
7.44 (lH, s, H3 or H6), 7.43 (lH, s, H3 or H6), 4.05 (2H, t, J 7.6, -OCH2CH2CH3), 3.93 OH,
s, -OCH3), 1.85 (3H, sextet, J 7.6, -OCH2CH2CH3), 1.06 (3H, t, J 7.6, -OCH2CH2CH3); 13C_
NMR (67.5 MHz, CDCh) Dc: 190.21 (-CHO), 190.15 (-CHO), 156.57 (C2 or C5), 156.22 (C2
or C5), 124.30 (Cl or C4), 115.14 (Cl or C4), 111.34 (C3 or C6), 110.64 (C3 or C6), 71.31 (-
OCH2CH2CH3), 56.76 (-OCH3), 22.93 (-OCH2CH2CH3), 10.99 (-OCH2CH2CH3); found (El)
223.0959, Cl2Hls04requires 223.0965; mlz (EI) 223 (95%, M + H+), 178 (100%, M+-[CHO
+ CH3]), 164 (50%, M+-2 CHO), 150 (45%, M+-[-CH2CH2CH3 + CHO]); CRN requires for
C12HI404: C 64.85%, H 6.35%; found: C 65.05%, H 7.01%.
2-(Benzyloxy)-5-methoxyterephthalaldehyde 300
4'
[J 3'1,_ 2'
43~CHO
OHC~6
/0
300
n-BuLi (2.50 ml, 1.6 M in hexane, 4.03 mmol) was added to a solution of 1,4-dibromo-2-
(benzyloxy)-5-methoxybenzene 288 (300 mg, 0.81 mmol) in anhydrous THF (3 ml) at - 78
°C under nitrogen atmosphere. The solution was stirred for three hours at the same
temperature. Anhydrous DMF (313 ul, 4.03 mmol) was added to the reaction mixture. The
solution was stirred for one hour and then allowed to warm to room temperature. Distilled
water (4 ml) and a 2 M solution ofHCl (1.5 ml) were added to give a yellow solid. The
precipitate was filtered, dried under reduced pressure and recrystallised from petroleum ether
(40 - 60 °C)-ethyl acetate (3:1) to give the title compound 300 (40 mg, 18.6%) as a yellow
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powder. RfO.85 [Ethyl acetate-hexane (1:1)]; mp. 133°C; vrnax(nujol)/ cm" 1679 (CHO),
1457,1378,1297 (O-CH2-), 1131; IH-NMR (270 MHz, CDCh) DH: 10.55 (lH, s, -CHO),
10.49 (lH, s, -CHO), 7.55 (lH, s, -H3 or -H6), 7.47 (lH, s, -H3 or -H6), 7.43 (2H, d, J 8.8, -
Hl'), 7.37 (2H, dd, JI 13.5, J2 8.8, -H3), 7.30 (H, d, J 13.5, -H4), 5.19 (2H, s, -OCH2Ph), 3.94
(3H, s, -OCH3); 13C-NMR (67.5 MHz, CDCh*) Dc: 189.39 (-CRO), 128.99 (Cl' or C3' or
C4), 128.68 (Cl' or C3· or C4), 127.80 (Cl' or C3, or C4), 112.65 (C3 or C6), 111.11 (C3 or
C6), 71.42 (-OCR2Ph), 56.44 (-OCR3). Found (El) 271.0950 [M +H+], CI6HIS04 requires
271.0965; mlz (Cl) 271 (100%, M + H+), 179 (10%, M+-C7H7).
* Cq are not detectable due to the poor solubility of 300 in CDCh.
2-(2'-methoxyethoxy)-5-methoxyterephthalaldehyde 301
-o\__ O*,HC1 6
~ - /
02~ ~50
3 4 CHO
301
n-BuLi (2.50 ml, 1.6 M in hexane, 4.03 mmol) was added to a solution of 1,4-dibromo-2-
(benzyloxy)-5-methoxybenzene 289 (300 mg, 0.81 mmol) in anhydrous THF (3 ml) at - 78
"C under nitrogen atmosphere. The solution was stirred for three hours at the same
temperature. Anhydrous DMF (313 Ill; 4.03 mmol) was added to the reaction mixture. The
solution was stirred for one hour and then allowed to warm to room temperature. Distilled
water (4 ml) and a 2 M solution ofHCI (1.5 ml) were added to give a yellow solid. The
precipitate was filtered, dried under reduced pressure and recrystallised from petroleum ether
(40-60 °C)-ethyl acetate (3:1) to give the title compound 301 (120 mg, 62.2%) as a yellow
powder. RfO.65 [Ethyl acetate-hexane (1:1)]; mp. 85°C; IR vrnax(nujol)/ cm" 1683 (CHO),
1457 (C=C Ar), 1375, 1287 (O-CH2-); IH-NMR (270 MHz, CDCh) DH: 10.43 (lH, s, -
CHO), 10.37 (lH, s, -CHO), 7.33 (lH, s, -H3 or -H6), 7.27 (lH, s, -H3 or -H6), 4.20 (2H, AA'
part of AA'XX' system, N 16.6, -OCH2CH2-OCH3 or -OCH2CH2-0CH3), 3.89 (3H, s, Ph-
OCH3), 3.83 (2H, XX' part of AA'XX' system, N 17.6, -OCH2CH2-0CH3 or -OCH2CH2-
OCH3), 3.79 (3H, s, -OCH2CH2-OCH3); 13C-NMR (67.5 MHz, CDCh) Dc: 190.08 (-CHO),
189.98 (-CHO), 156.63 (C2 or C5), 155.77 (C2 or C5), 130.21 (C] or C4), 129.89 (C] or C4),
112.93 (C3 or C6), 111.40 (C3 or C6), 71.32 (-OCH2CR20CH3), 69.40 (-OCR2CH20CH3),
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59.79 (-OCH2CH20CH3), 56.72 (-OCH3). Found (El) 238.0828 [M+], C12HI405 requires
238.0836; mlz (El) 239 (100%, M +H+), 209 (10%, M+-CHO), 180 (25%, M + H+-2 CHO);
CRN requires for C12HI405: C 60.50%, H 5.92%; found: C 57.89%, H 6.44%.
(2R, 3R, 12R, 13R, 22R, 23R)-1, 4,11,14,21, 24-Hexaaza-(2, 3: 12, 13: 22, 23)-tributano-
(7,8', 17, 18',27, 28')-hexaethoxy-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H, 12H, 13H,
22H, 23H)-hexahydro-(30)-annulene 303
303
A solution of 2,5-diethoxyterephthalaldehyde 292 (100 mg, 0.45 mmol) in anhydrous
CH2Ch (1.5 ml) was added to a solution of (JR, 2R)-cyc1ohexane-l,2-diamine 248 (0.053 g,
0.45 mmol) in anhydrous CH2Ch (1.5 ml) at O°C. The mixture was stirred at room
temperature for three hours and the solvent evaporated. The residue was recrystallised from
ethyl acetate to give the title product 303 (0.072 g, 17.7%), as white powder. Mp. >320 QC;
[a]D 25= - 134.6 (c 0.05, CHCh, 1 dm); IR Vmax (nujolj/cm" 1627 (-CH=N-); IH-NMR (500
MHz, CDCh) DH: 8.52 (6H, s, -CH=N-), 7.27 (6H, s), 3.93 (6H, quintet, JI 16.5, J2 7.3 -
CHAHBCH3), 3.85 (6H, quintet, JI 16.5, Jz 7.3, -CHAHBCH3), 3.37 (6H, m, -N-CH-), 1.85-
1.45 (24 H, m, -CHr), 1.19 (18H, t, J 7.3, -CH3); 13C-NMR (67.5 MHz, CDCh) Dc: 157.21
(-CH=N), 153.07 (C7 and C8), 128.33 (C6 and C9), 111.63 (C8 and Cd, 74.88 (-OCH2CH3),
65.33 (-CH-N-), 33.30 (-CH2-), 25.00 (-CH2-), 15.05 (-CH3); mlz (FAB) 901 (100%, M+);
CRN requires for C54HnN606: C 7l.97%, H 8.05%, N 9.33%; found: C 70.98%, H 8.05%, N
8.59%.
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(2R,3R, 12R, 13R, 22R, 23R)-1, 4,11, 14,21, 24-Hexaaza-(2, 3: 12,13: 22, 23)-tributano-
(7,8',17,18',27, 28')-hexapropoxy-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H, 12H, 13H,
22H, 23H)-hexahydro-(30)-annulene 304
304
A solution of 2,5-propoxyterephthalaldehyde 293 (80 mg, 0.32 mmol) in anhydrous CH2Ch
(2 ml) was added to a solution of (JR, 2R)-cyc1ohexane-1,2-diamine 248 (0.037 g, 0.32
mmol) in anhydrous CH2Ch (1.5 ml) at O°C. The mixture was stirred at room temperature
for three hours and the solvent evaporated. The residue was recrystallised from ethyl acetate
to give the title product 304 (0.054 g, 17.1%) as a white powder. Mp. >320 °C;
[a]D 25= - 134.1 (c 0.08, CHCh, 1 dm); IR Vmax (nujolj/cm" 1626 (-CH=N-); OH (500 MHz,
CDC h) 8.52 (6H, s, -CH=N-), 7.23 (6H, s), 3.81 (6H, dt, 11 16.3, h 7.4, -O-CHAHBCH2CH3),
3.71 (6H, dt, 11 16.3,126.5, -O-CHAHBCH2CH3), 3.37 (6H, m, -N-CH-), 1.48 (12H, m, 11
6.5, h 7.4, 137.5 -O-CH2CH2CH3), 1.86-1.46 (24 H, m, -CH2-, CH2-), 0.85 (18H, t, 1 7.5,-
CH3); J3C-NMR (67.5MHz, CDCh) Dc: 156.73 (-CH=N), 152.72 (C7 and Cs), 127.90 (C6
and C9), 111.06 (C8 and Cd, 74.52 (-OCH2CH2CH3), 70.91 (-CH-N-), 33.04 (-CH2-), 24.74
(-CH2-), 22.75 (-OCH2CH2CH3), 10.76 (-CH3); mlz (FAB) 985.7 (100%, M +H+); CRN
requires for C60HS4N606:C 73.14%, H 8.59%, N 8.53%; found: C 72.3%, H 8.71%, N
8.43%.
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(2R,3R, 12R, 13R, 22R, 23R)-1, 4,11, 14,21, 24-Hexaaza-(2, 3: 12,13: 22, 23)-tributano-
(7,8',17,18',27, 28')-hexabutoxy-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H, 12H, 13H,
22H, 23H)-hexahydro-(30)-annulene 305
305
A solution of2,5-hutoxyterephthalaldehyde 294 (66 mg, 0.24 mmol) in anhydrous CH2Ch (2
ml) was added to a solution of (JR, 2R)-cyc1ohexane-l,2-diamine 248 (0.027 g, 0.24 mmol)
in anhydrous CH2Ch (1.5 ml) at 0 °C. The mixture was stirred at room temperature for 3
hours and the solvent evaporated. The residue was recrystallised from ethyl acetate to give
the title compound 305 (0.086 g, 32.2%), as a light yellow powder. Mp. 195 °C;
[a]D 25= - 90.0 (c 0.1, CHCh, 1 dm); IR Vmax (nujolj/cm" 1628 (-CH=N-); IH-NMR (500
MHz, CDCb) 8H: 8.50 (6H, s, -CH=N-), 7.22 (6H, s), 3.88 (6H, dt, JI 15.6, J2 6.6, -OCHAHB-
CH2CH2CH3), 3.72 (6H, dt, JI 15.6, J2 6.0, -OCHAHB- CH2CH2CH3), 3.36 (6H, m, -N-CH-),
1.85-1.45 (24H + 12H, m, -CH2-, CH2-, -OCH2CH2CH2CH3), 1.33 (12H, qt, JI 7.1, h 7.5, -
OCH2CH2CH2CH3), 0.90 (18H, t, J 7.5, -CH3); 13C-NMR (67.5 MHz, CDCh) 8c: 156.90 (-
CH=N), 152.75 (C7 and C8), 127.82 (C6 and C9), 110.84 (C8 and Cd, 74.38 (-
OCH2CH2CH2CH3), 69.03 (-CH-N-), 33.04 (-CH2-), 31.61 (-CH2-)' 24.75 (-CH-), 19.49 (-
CH2-), 14.12 (-CH3); mlz (FAB) 1069.8 (100%, M + H+); CRN requires for C66H96N606:C
74.12%, H 9.05%, N 7.86%; found: C 73.36%, H 8.99%, N 7.62%.
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(2R, 3R, 12R, 13R, 22R, 23R)-1, 4,11, 14,21, 24-Hexaaza-(2, 3: 12, 13: 22, 23)-tributano-
(7,8',17,18',27, 28')-hexabenzyloxy-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H, 12H, 13H,
22H, 23H)-hexahydro-(30)-annulene 306
A solution of 2,5-dibenzyloxyterephthalaldehyde 295 (150 mg, 0.43 mmol) in anhydrous
CH2Ch (2 ml) was added to a solution of (JR, 2R)-cyc1ohexane-1,2-diamine 248 (0.049 g,
0.43 mmol) in anhydrous CH2Ch (1.5 ml) at 0 GC. The mixture was stirred at room
temperature for 3 hours and the solvent evaporated. The residue was recrystallised from
ethyl acetate to give the title product 306 (0.126 g, 23.0%), as a white powder. Mp. 160°C;
[a]D 25= - 110.1 (c 0.11, CHCh, 1 dm); IR Yrnax (nujolj/cm" 1630 (-CH=N-); IH-NMR (500
MHz, CDCh) bH: 8.59 (6H, s, -CH=N-), 7.39 (6H, s), 7.32 (12H, d, J 7.5, Hl'), 7.27 (12H, t,
J 7.5, H3), 7.12 (6H, d, J 7.5, H4), 4.82 (6H, d, J 11.0, -OCHAHB-), 4.53 (6H, d, J 11.0,-
OCHAHB-), 3.36 (6H, m, -N-CH-), 1.85-1.45 (24H, m, -CHr); 13C-NMR (67.5 MHz,
CDCh) be: 156.54 (-CH=N), 152.68 (C7 and Cs), 136.87 (Cr), 128.57 (Cl' or c- or C4),
128.05 (Cl' or C3, or C4), 128.02 (Cl' or C3, or C4), 127.76 (C6 and C9), 111.23 (C8 and Cd,
74.35 (-OCH2Ph), 71.17 (-CH-N-), 32.92 (-CH2-), 24.67 (-CH2-); mlz (FAB) 1274 (100%, M
+H+).
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(2R,3R, 12R, 13R, 22R, 23R)-1, 4,11, 14,21, 24-Hexaaza-(2, 3: 12,13: 22,23)-
tributano-(7, 8', 17, 18',27, 28')-hexa-(4-fluorobenzyl)oxy-(6, 9: 16,19: 26,29)-
trietheno-(2H, 3H, 12H, 13H, 22H, 23H)-hexahydro-(30)-annulene 307
307
A solution of2,5-bis[(4-fluorobenzyl)oxy]terephthalaldehyde 296 (90 mg, 0.235 mmol) in
anhydrous CH2Ch (3 ml) was added to a solution of (1R, 2R)-cyc1ohexane-1,2-diamine 248
(0.026 g, 0.235 mmol) in anhydrous CH2Ch (3 ml) at 0 GC. The mixture was stirred at room
temperature for 3 hours and the solvent evaporated. The residue was recrystallised from
ethyl acetate- petroleum ether (40 - 60°C) (5:2), to give the title product 307 (0.094 g,
29.0%) as a white powder. Mp. 85°C; [a]D 25= - 84.21 (c 0.09, CHCh, 1 dm); IR Vmax
(nujolj/cm" 1628 (-CH=N-); IH-NMR (500 MHz, CDCh) iiH: 8.53 (6H, s, -CH=N-), 7.10
(12H, dd, JI 5.2, 1z 8.2, Hl'), 7.01 (12H, JI 8.2, J2 10.6, Hr), 6.91 (6H, s), 4.77 (6H, d, J 11.0,
-OCHAHS-), 4.47 (6H, d, J 11.0, -OCHAHB-), 3.35 (6H, m, -N-CH-), 1.85-1.45 (24 H, m, -
CH2-); 13C-NMR (67.5 MHz, CDCh) iic: 165.28 (C4,-F, IJCF247.1), 156.26 (-CH=N-),
153.04 (C7 and CB), 132.95 (Cl', 4JCF3.2), 129.67 (Cl', 3JCF7.5), 119.54 (C6 and C9), 115.69
(C3,,2JCF 16.9), 111.34 (CB)' 74.28 (-OCH2-(P-F)C6~), 70.61 (-CH-N-), 32.86 (-CH2-),
24.62 (-CH2-); mlz (FAB) 1382.5 (100%, M + H+).
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(2R,3R, 12R, 13R, 22R, 23R)-1, 4,11, 14,21, 24-Hexaaza-(2, 3: 12,13: 22, 23)-tributano-
(7,8',17,18',27, 28')-hexa-(2-methoxyethoxy)-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H,
12H, 13H, 22H, 23H)-hexahydro-(30)-annulene 308
308
A solution of2,5-bis(2-methoxyethoxy)terephthalaldehyde 297 (386 mg, 1.36 mmol) in
anhydrous CH2Ch (3 ml) was added to a solution of (1R, 2R)-cyc1ohexane-l,2-diamine 248
(0.156 g, 1.36 mmol) in anhydrous CH2Ch (3 ml) at O°C. The mixture was stirred at room
temperature for three hours and the solvent evaporated. The residue was recrystallised from
ethyl acetate to give the title product 308 (367.6 mg, 30.2%), as a white powder. Mp. 75°C;
[a]o 25= - 77.78 (c 0.09, CHCh, 1 dm); IR Vrnax (nujolj/cm" 1626 (-CH=N-); IH-NMR (500
MHz, CDC h) DH: 8.53 (6H, s, -CH=N-), 7.30 (6H, s), 4.08 (6H, dd, JI 5.1, h 10.4,-
OCHAHs-CH20CH3), 3.92 (6H, dd, JI 4.3, J2 10.4, -OCHAHBCH20CH3), 3.58 (6H, m, -N-
CH-), 3.40 (12H, dd, JI 4.3, J2 5.1, -OCH2CH20CH3), 3.36 (18H, s, -OCH3), 1.85-1.45 (24
H, m, -CHr); 13C-NMR (67.5 MHz, CDCh) Dc: 156.90 (-CR=N), 153.20 (C7), 128.60 (C6),
111.91 (C8), 74.91 (-CR-N-), 71.55 (-OCR2CH20CH3), 69.03 (-OCH2CR20CH3), 59.55 (-
OCR3), 33.28 (-CR2-), 24.98 (-CR2-); mlz (FAB) 1081 (100%, M+).
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(2R,3R, 12R, 13R, 22R, 23R)-1, 4, 11, 14,21, 24-Hexaaza-(2, 3: 12,13: 22, 23)-tributano-
(7,17, 27)-triethoxy-(8', 18', 28')-trimethoxy-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H,
12H, 13H, 22H, 23H)-hexahydro-(30)-annulene 309
309
A solution of 2-ethoxY-5-methoxyterephthalaldehyde 298 (100 mg, 0.48 mmol) in anhydrous
CH2Clz (3 ml) was added to a solution of (1R, 2R) diaminocyc1ohexane 248 (0.055 g, 0.48
mmol) in anhydrous CH2Clz (3 ml) at 0 °C. The mixture was stirred at room temperature for
three hours and the solvent evaporated. The residue was recrystallised from ethyl acetate to
give the title product 309 (0.034 g, 8.2%), as a mixture ofrotamers (2:1). Mp. >320 °C; [a]D
25= _416.67 (c 0.01, CHCh, 1 dm); IR Vmax (nujolj/cm" 1630 (-CH=N-); IH_NMR (500
MHz, CDCh) BH: 8.578 (lH, s, -CH=N-, 1st rotamer), 8.572 (lH, s, -CH=N-, 1st rotamer),
8.563 (lH, s, -CH=N-, 1st rotamer), 8.558 (lH, s, -CH=N-, 1st rotamer), 8.553 (lH, s, -
CH=N-, 1st rotamer), 8.549 (lH, s, -CH=N-, 1st rotamer), 8.530 (3H, s, -CH=N-, 2nd
rotamer), 8.526 (3H, s, -CH=N-, 2nd rotamer), 7.32 (3H + 3H, m, 1st rotamer), 7.29 (3H +
3H, m, 2nd rotamer), 3.93 (6H, m, -OCHAHBCH3, 1st rotamer), 3.87 (6H, m, -OCHAHBCH3,
2nd rotamer), 3.72 (9H, S, -OCH3, 1st rotamer), 3.70 (9H, S, -OCH3, 2nd rotamer), 3.37 (6H +
6H, m, -N-CH-, 1st and 2nd rotamer), 1.85-1.45 (24 H + 24 H, m, -CHr, 1st and 2nd rotamer),
1.26 (9H, dd, J I 10.2, J2 7.1, -CH3, 1st rotamer), 1.21 (9H, t, J I 15.8, Jz 8.1, -CH3, 2nd
rotamer); I3C-NMR (67.5 MHz, CDCh) Be: 157.23 (-CH=N-, 1st rotamer), 157.14 (-CH=N-,
2nd rotamer), 153.68 (C70r C8" 1st rotamer), 153.60 (C70r C8" 2nd rotamer), 153.11 (C70r
C8" 1st rotamer), 152.74 (C70r C8" 2nd rotamer), 128.43 (C6 or C9, 1st rotamer), 128.37 (C6 or
C9, 2nd rotamer), 127.38 (C6 or C9, 1st rotamer), 126.82 (C6 or C9, 2nd rotamer), 111.74 (C8 or
C7" 1st rotamer), 111.70 (C8 or C7" 2nd rotamer), 110.15 (C80r C7" 1st rotamer), 110.06 (C80r
C7', 2nd rotamer) 74.83 (-OCH2CH3 or -CH-N-, I" rotamer), 74.77 (-OCH2CH3 or -CH-N-,
2nd rotamer) 65.44 (-OCH2CH3 or -CH-N-, 1st rotamer), 65.36 (-OCH2CH3 or -CH-N-, 2nd
rotamer), 56.56 (-OCH3, 1st rotamer), 56.51 (-OCH3, 2nd rotamer), 33.34 (-CH2-, 1st rotamer),
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33.25 (-OClh, 2nd rotamer), 25.01 (-CfIz-, 1st rotamer), 24.95 (-CH2-, 2nd rotamer), 15.20 (-
CH3, 1st rotamer), 15.15 (-CH3, 2nd rotamer); mlz (FAB) 860 (100%, M + H+).
(2R, 3R, 12R, 13R, 22R, 23R)-1, 4,11,14,21, 24-Hexaaza-(2, 3: 12, 13: 22, 23)-tributano-
(7,17, 27)-trimethoxy-(8', 18', 28')-tripropoxy-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H,
12H, 13H, 22H, 23H)-hexahydro-(30)-annulene 310
310
A solution of2-ethoxy-5-methoxyterephthalaldehyde 299 (120 mg, 0.54 mmol) in anhydrous
CH2Ch (3 ml) was added to a solution of (JR, 2R)-cyclohexane-1,2-diamine 248 (0.061 g,
0.54 mmol) in anhydrous CH2Ch (3 ml) at 0 "C. The mixture was stirred at room
temperature for three hours and the solvent evaporated. The residue was recrystallised from
ethyl acetate to give the title product 310 (74 mg, 15.20%) as mixture ofrotamers (1: 1). Mp.
>320°C; [a]D 25= - 200.1 (c 0.01, CHCh, 1 dm); IR Vmax (nujolj/cm" 1633 (-CH=N-); IH_
NMR (500 MHz, CDCh) OH: 8.615 (lH, s, -CH=N-, 1st rotamer), 8.581 (lH, s, -CH=N-, 1st
rotamer), 8.571 (lH, s, -CH=N-, 1st rotamer), 8.557 (lH, s, -CH=N-, 1st rotamer), 8.553 (IH,
s, -CH=N-, 1st rotamer), 8.546 (lH, s, -CH=N-, 1st rotamer), 8.508 (3H, s, -CH=N-, 2nd
rotamer), 8.507 (3H, s, -CH=N-, 2nd rotamer), 7.29-7.27 (6H + 6H, m, 1st and 2nd rotamer),
3.89 (6H, m, -OCH2CH2CH3, 1st rotamer), 3.86 (6H, m, -OCH2CH2CH3, 2nd rotamer), 3.73
(9H, s, -OCH3, 1st rotamer), 3.70 (9H, s, -OCH3, 2nd rotamer), 3.36 (6H + 6H, m, -N-CH-, 1st
and 2nd rotamer), 1.85-1.45 (48H + 12H, m, -CH2_, -CH2CH2CH3, 1st and 2nd rotamer), 0.95
(9H, t, J 7.3, -CH3, 1st rotamer), 0.89 (9H, t, J 7.3, -CH3, 2nd rotamer); J3C-NMR (67.5 MHz,
CDCh) Oc: 157.20 (-CH=N-, 1st rotamer), 157.08 (-CH=N-, 2nd rotamer), 153.73 (C7 or C8',
1st rotamer), 153.65 (C7 or C8·, 2nd rotamer), 153.32 (C7 or C8·, 1st rotamer), 153.29 (C7 or
C8', 2nd rotamer), 128.38 (C6 or C9, 1st rotamer), 128.16 (C6 or C9, 2nd rotamer), 127.97 (C6
or C9, 1st rotamer), 127.92 (C6 or C9, 2nd rotamer), 111.73 (C8 or C7', 1st rotamer), 111.42
(C8 or C7', 2nd rotamer), 110.67 (C8 or C7·, 1st rotamer), 110.13 (C8 or C7" 2nd rotamer),
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74.61 (-OCfhCH2CH3 or -CH-N-, 1st rotamer), 74.28 (-OCH2CH2CH3 or -CH-N-, 2
nd
rotamer), 71.05 (-OCH2CH2CH3 or -CH-N-, 1st rotamer), 70.91 (-OCH2CH2CH3 or -CH-N-,
2nd rotamer), 56.29 (-OCR3, 1st rotamer), 56.16 (-OCR3, 2nd rotamer), 33.03 (-CR2, 1st
rotamer), 32.90 (-CH2-, 2nd rotamer), 25.07 (-OCH2CH2CH3, 1st rotamer), 24.65 (-
OCH2C1-I2CH3,2nd rotamer), 22.76 (-CH2-, 1st rotamer), 22.73 (-CH2-, 2nd rotamer), 11.08 (-
CR3, 1st rotamer), 10.72 (-CR3, 2nd rotamer); mlz (FAB) 902 (100%, M + H+); CRN requires
for C54HnN606·C4Hg02: C 70.43%, H 8.08%, N 8.49%; found: C 70.73%, H 8.10%, N
8.61%.
(2R, 3R, 12R, 13R, 22R, 23R)-1, 4,11,14,21, 24-Hexaaza-(2, 3: 12,13: 22, 23)-tributano-
(7,17, 27)-tribenzyloxy-(8', 18', 28')-trimethoxy-(6, 9: 16,19: 26, 29)-trietheno-(2H, 3H,
12H, 13H, 22H, 23H)-hexahydro-(30)-annulene 311
A solution of2-(benzyloxy)-5-methoxyterephthalaldehyde 300 (120 mg, 0.54 mmol) in
anhydrous CH2Clz (3 ml) was added to a solution of (1R, 2R)-cyclohexane-l,2-diamine 248
(0.061 g, 0.54 mmol) in anhydrous CH2Clz (3 ml) at 0 °C. The mixture was stirred at room
temperature for three hours and the solvent evaporated. The residue was recrystallised from
ethyl acetate-petroleum ether (40 - 60°) (1:1) to give the title product 311 (38 mg, 12.5%), as
a mixture ofrotamers. Mp. 225°C; [a]D 25= - 217.19 (c 0.02, CHCh, 1 dm); IR Vmax
(nujolj/cm" 1631 (-CH=N-); IH-NMR (500 MHz, CDCh) DH: 8.654 (IH, s, -CH=N- 1st
rotamer), 8.621 (IH, s, -CH=N- 1st rotamer), 8.609 (IH, s, -CH=N- i" rotamer), 8.599 (IH,
s, -CH=N- 1st rotamer), 8.593 (IH, s, -CH=N- 1st rotamer), 8.585 (IH, s, -CH=N- 1st
rotamer), 8.544 (3H, s, -CH=N- 2nd rotamer), 8.537 (3H, s, -CH=N- 2nd rotamer), 7.49 (IH,
s, Ar, 1st rotamer), 7.47 (IH, s, Ar, 1st rotamer), 7.46 (lH, s, Ar, l " rotamer), 7.43 (IH, s, Ar,
1st rotamer), 7.42 (lH, s, Ar, l " rotamer), 7.41 (IH, s, Ar, l" rotamer), 7.38- 7.31 (15H +
15H, m, -C~5, 1st and 2nd rotamers), 7.21 (3H, s, Ar, 2nd rotamer), 7.19 (3H, s, Ar, 2nd
rotamer), 5.017 (IH, d, J 11.3, -CHACHBPh, 1st rotamer), 4.975 (IH, d, J 11.3, -CHACHBPh,
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1st rotamer), 4.933 (IH, d, JILl, -CHACHBPh, l " rotamer), 4.899 (lH, d, JILl, -
CHACHBPh, 1st rotamer), 4.895 (IH, d, J 11.2, -CHACHBPh, 1st rotamer), 4.879 (IH, d, J
11.2, -CHACHBPh, 1st rotarner), 4.764 (3H, s, J 11.0, -CHACHBPh, 2nd rotamer), 4.742 (IH,
d, J 11.0, -CHACHBPh, 2nd rotamer), 3.755 (3H, s, -OCH3, 1st rotamer), 3.674 (3H, s, -OCH3,
1st rotamer), 3.623 (3H, s, -OCH3, 1st rotamer), 3.547 (9H, s, -OCH3, 2nd rotamer), 3.36 (6H
+ 6H, rn, -N-CH-, 1st and 2nd rotamer), 1.87-1.28 (24H + 24H, rn, -CHr, 1st and 2nd rotamer);
IH-NMR (500 MHz, dj-toluene) DH: 9.022 (IH, s, -CH=N-, 1st rotamer), 9.018 (IH, s, -
CH=N-, 1st rotamer), 8.990 (IH, s, -CH=N-, 1st rotarner), 8.974 (IH, s, -CH=N-, 1st rotamer),
8.955 (IH, s, -CH=N-, 1st rotamer), 8.935 (IH, s, -CH=N-, 1st rotamer), 8.900 (3H, s, ~
CH=N-, 2nd rotamer), 8.887 (3H, s, -CH=N-, 2nd rotamer), 7.93 (IH, s, -Ar, 1st rotamer), 7.91
(IH, s, -Ar, 1st rotamer), 7.85 (IH, s, -Ar, 1st rotamer), 7.84 (3H, s, -Ar, 2nd rotamer), 7.82
(3H, s, -Ar, 2nd rotarner), 7.79 (IH, s, -Ar, 1st rotamer), 7.77(IH, s, -Ar, 1st rotamer), 7.74
(IH, s, -Ar, 1st rotarner), 7.25 - 6.67 (ISH + ISH, rn, -CrJ/5, 1st and 2nd rotamers), 4.75 (3H,
d, J 11.9, -OCHAHBPh, 2nd rotamer), 4.71 (3H, d, J 11.9, -OCHAHBPh, 2nd rotamer), 4.64
(IH, d, J 11.7, -OCHACHBPh, 1st rotamer), 4.59 (IH, d, J 11.7, -OCHACHBPh, 1st rotamer),
4.57 (IH, d, J 10.9, -OCHACHBPh, 1st rotamer), 4.54 (IH, d, J 10.9, -OCHACHBPh, 1st
rotarner), 4.47 (IH, d, J 11.6, -OCHACHBPh, 1st rotamer), 4.37 (IH, d, J 11.6, -OCHACHBPh,
1st rotamer), 3.54 (9H, s, -OCH3, 2nd rotamer), 3.43 (3H, s, -OCH3, 1st rotamer), 3.33 (3H, S, -
OCH3, I" rotamer), 3.27 (3H, S, -OCH3, 1st rotamer), 2.21 - 0.64 (24H + 24H, rn, -CH2-, 6H
+ 6H, rn, -CH-N, rn, 1st and 2nd rotamer); 13C-NMR (67.5 MHz, CDCb) DC: 157.15 (-CH=N-,
1st rotamer), 156.64 (-CH=N-, 2nd rotamer), 154.09 (C7 or C8, 1st rotamer), 154.03 (C7 or C8,
2nd rotamer), 152.94 (C7 or C8, 1st rotamer), 152.84 (C7 or C8,2nd rotamer), 137.61 (Cl', 1st
rotamer), 136.87 (Cl', 2nd rotamer), 129.17 (Cl' or Cl' or C4" 1st rotamer), 129.07 (Cl' or Cl'
or C4" 2nd rotamer), 128.64 (Cl' or C3, or C4" 1st rotamer), 128.59 (C2, or C3, or C4" 2nd
rotamer), 128.51 (C2, or C3, or C4" 1st rotamer), 128.27 (Cl' or C3, or C4" 2nd rotamer),
128.16 (C6 or C9, 1st rotamer), 128.11 (C6 or C9, 2nd rotamer), 112.18 (C8 or C7" 1st rotarner),
111.50 (C8or C7" 2nd rotamer), 110.66 (C8 or C7', 1st rotamer), 110.56 (C8or C7" 2nd
rotarner), 74.86 (-OCH2Ph or CH-N-, 1st rotamer), 74.61 (-OCH2Ph or CH-N-, 2nd rotamer),
72.01 (-OCH2Ph or -CH-N-, 1st rotamer), 71.60 (-OCH2Ph or -CH-N-, 2nd rotamer), 56.61 (-
CH2-, 1st rotamer), 56.41 (-CH2-, 2nd rotarner), 32.34 (-CH2-, 1st rotamer), 33.17 (-CH2-, 2nd
rotamer), 24.98 (-CH3, 1st rotamer), 24.95 (-CH3, 2nd rotamer); mlz (FAB) 1045 (100%, M+);
CRN requires for C66HnN606' Ethyl Acetate: C 74.20%, H 7.06%, N 7.41%; found: C
74.63%, H 7.10%, N 7.71%.
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(2R, 3R, 12R, 13R, 22R, 23R)-1, 4,11, 14,21, 24-Hexaaza-(2, 3:12,13: 22, 23)-tributano-
(7,17,27)- tri-(2'-methoxyethoxy)-(8', 18', 28')-trimethoxy- (6, 9:16,19: 26,29)-
trietheno-(2H, 3H, 12H, 13H, 22H, 23H)-hexahydro-(30)-annulene 312
312
A solution of2-methoxy-5-(2'-methoxyethoxy)terephthalaldehyde 301 (120 mg, 0.42 mmol)
in anhydrous CH2Clz (3 ml) was added to a solution of (1R, 2R)-cyclohexane-l,2-diamine
248 (0.048 g, 0.42 mmol) in anhydrous CH2Ch (3 ml) at 0 QC. The mixture was stirred at
room temperature for three hours and the solvent evaporated. The residue was recrystallised
from ethyl acetate to give the title product 312 (20 mg, 5.0%), as mixture ofrotamers (3:1).
Mp. = 190°C; [a]D 25= - 500.1 (c 0.01, CHCh, 1 dm); IR Vmax (nujolj/cm" 1635 (-CH=N-);
IH-NMR (500 MHz, CDCh) DH: 8.612 (3H, s, -CH=N-, 2nd rotamer), 8.610 (IH, s, -CH=N-,
1st rotamer), 8.58 (3H, s, -CH=N-, 2nd rotamer), 8.57 (IH, s, -CH=N-, 1st rotamer), 8.55 (IH,
s, -CH=N-, l" rotamer), 8.53 (IH, s, -:-CH=N-,1st rotamer), 8.51 (IH, s, ~CH=N-, l"
rotamer), 8.48 (IH, s, -CH=N-, t" rotamer), 7.30 (6H + 6H, m, 1st and 2nd rotamer), 4.03 (6H
+ 6H, m, -OCH2-CH20CH3, l " and 2nd rotamer), 3.73 (6H + 6H, m, -OCH2-CH20CH3, l"
and 2nd rotamer), 3.37 (6H + 6H, m, -N-CH-, 1st and 2nd rotamer), 3.31 (9H + 9H, s, -OCH3,
1st and 2nd rotamer), 1.88-1.18 (24H + 24H, m, -CHrIst and 2nd rotamer); 13C-NMR (67.5
MHz, CDCh '') Dc: 157.15 (-CH=N-, 1st rotamer), 156.49 (-CH=N-, 2nd rotamer), 136.91 (C8
or C7" l " rotamer), 136.47 (C8 or C7" 2nd rotamer), 132,56 (C8 or C7" 1st rotamer), 132.54
(C8 or C7" 2nd rotamer), 72.59 (-CH-N-, 1st rotamer), 71.66 (-CH-N-, 2nd rotamer), 69.34 (-
OCH2CH20CH3, 1st rotamer), 69.24 (-OCH2CH20CH3, 2nd rotamer), 60.19 (-
OCH2CH20CH3, 1st rotamer), 59,59 (-OCH2CH20CH3, 2nd rotamer), 55.33 (-CH2CH20CH3
or -OCH3, 1st rotamer), 54.31 (-CH2CH20CH3 or -OCH3, 2nd rotamer), 51.39 (-
CH2CH20CH3 or -OCH3, 1st rotamer), 51.08 (-CH2CH20CH3 or -OCH3, 2nd rotamer), 33.44
(-CH2-, 1st rotamer), 33.19 (CH2-, 2nd rotamer), 25.07 (-CH2-, 1st rotamer), 25.01 (-CH2-, 2nd
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rotamer); mlz (FAB) 950 (75%, M +Ht; CRN requires for C54H74N606'Ethyl Acetate: C
67.15%, H 7.91%, N 8.10%; found: C 67.15%, H 7.81%, N 7.98%.
• Cq are not detectable because of the poor solubility of312 in CDCh.
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